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When you have a ham m er, you look f o r a nail.

“

When you have a good ham m er, everything looks like a nail.^^

-

Anonym ous quote on th e dark side of misuse
of m athem atical models [259].
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ABSTRACT

This thesis has two parts. Part I models the feeding and movement behaviour of tsetse fly species
Glossina as a ^^migranr disease vector in relation to cattle, plants and chemo-attractants using
reaction-diffusion equations that yields the '‘Interaction Diffusion Equations^ (IDE) that mod
els the fly’s trophic interactions. Through its feeding behavior, tsetse transmits trypanosome
parasites that cause the disease trypanosomiasis. Analysis of the IDE system is restricted to a
1-dimensional patchy environment with and without traps. The impact of trapping as 'killerhosts' on the fly population, with conditions for efficient tsetse traps and suppression of tsetse
populations is presented.
Part II models the effects of the tri-phasic tick Rhipicephalus appendiculatus as a "non-migranf
disease vector which transmits micro-parasites that cause the disease theileriosis. Tick popula
tion is modelled at "parasitid^ and "‘free-living''’ phases of its life-cycle using systems of non-linear
ordinary differential equations. Model equilibria are analyzed both with and without an ac
tive host immune response, to elucidate necessary conditions for take-off or suppression of tick
population. Various cases of host immune response to on-host tick load are considered.
Results from Part I show that factors that measures trap efficiency contain all the informa
tion needed to specify the conditions required to lower fly population through trapping. Two
measures based on fly-trap parameters are obtained, the ‘actual’ and ‘required’ trap efficiency.
We show that whenever the ‘actual’ is greater than the ‘required’, trap is efficient enough to
cause the added trap induced fly mortality to be so large that the fly population is eventually
reduced.
From Part II, measure of 'zehu content’’ that quantifies herd resistance to ticks is derived from
either "parasitic” tick loads or quantity of egg mass laid by engorged "free-livincf’ females. We
show that having resistance animals is necessary but not sufficient to lower tick population.
The sufficient condition is whenever 'zehu content’ is lower than one when sufficient numbers
of resistance cattle are present so that herd resistance is high, leading to the collapse of tick
population. It is also shown that the population of "free-livincf’ ticks collapses whenever the
overall tick ‘cost of feeding’ index computed from egg mass is below the threshold value. Results
from computer simulations and areas for further improvements and research are presented.
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LIST OF SYMBOLS/NOTATION, M EANING &
[UNITS]

N o te : Most measurable terms in Parts I and II can be stated in terms of standard units: kg
for mass; cm for length; seconds (s) for time and positive integers for countquantities.
M a jo r s y m b o ls /n o ta t io n s in P A R T I: (T s e ts e fly p o p u la tio n )
X

representation of specific distance from some fixed point

t

representation of a particular time of recording or occurrence of some event - [sj.

xq

- [cm].

P{ x , t )

measure of plant quality in position x at time t, 0 < P{ x , t ) < 1 - [dimensionless].

H{ x, t)

host density in position x at time t i.e. number of animals per unit

area- [H cm“ ^j.

N{ x, t)

fly density in position x at time t i.e. number of flies per unit area

- [Ncm “ ^j.

C{ x , t )

a 1-dimensional odour concentration in position x at time t

i.e. number of odour

molecules per unit volume - [mol cm~'^j. Note: odour concentration is given in 3dimensional space but C{ x, t ) is in 1-dimension, hence, in computations we will take
the cube root of the 3-dimensional quantity to make it 1-dimensional (e.g. see equa
tion 4.4.5, page 167).
P2

rate of plant quality regeneration - [s“ ^j

P3

per host reduction in plant quality - [H~^j

P4

rate of per host damage to plant quality - [H^^

771

rate of per unit consumption of plant quality by hosts - [P“ ^ s“ ^ = s“ ^j. Note: P is
dimensionless.

7 /3

rate of host mortality - [s“ ^j.

7/2

per fly added host mortality - [N“ ^j.

D //,

Dc

the respective diffusion rates for hosts ( i/ ) , vector flies { N) and odour concen
tration {C) - [cm^ s“ ^j.

fci, ^2

the respective random component of motion for hosts and vector flies,
0 < A:], &2 < 1 - [dimensionless].
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v\

the per host promotion of fly rate of reproduction -

s"^].

V2

rate of fly mortality - [s“ ^].

C

a unit of odour concentration = concentration of 1 mole of odour attractant % 2.7x10^*^
molecules/cm^ - [mol cm “ '^j (see footnote 2.4, page 122).

a\

measure of ^host-plant association’ i.e. average number of hosts attracted to per unit of
plant quality - [P“ ^].

«2

measure of ^host-host association’ i. e. average number of hosts attracted to per conspecific
-

(3\

measure of ^fly-odour association’ i.e. average number of flies attracted to per unit of
odour concentration - [C“ ^]. Note: 1 unit of odour concentration (C) = concentration of
1 mole of odour attractant % 2.7x10^^ mol cm^^.

P2

measure of ^fly-host association’ i.e. average number of flies attracted to per host -

jj,

per host rate of odour production - [C

7

rate of odour decay - [s“ ^].

uq

h

s"^].

constant wind speed - [cm s~^].
constant density of hosts - [h].

n(a:, t)

general term for ^’'organism” density in position x at time t. The ^^organism” is either
the vector fly (N) or herbivore hosts {H).

q(x, t)

general term for ^‘attractants’ density or concentration in position x at time t. The
“attractant’ is either odour attractant (C), plant quality (P ) or conspecific of herbivore
hosts {H).
the respective flux density terms due to diffusion (d), advection (a) and con
vection (c) for organisms of mass density p — { n ,q } - [mass cm “ ^ s"^].

P (x , f) probability of organism in position

x moving to the right at time t.

L(x, ti) probability of organism in position

x moving to the left at time t.

S{ x, t )

x remaining stationary at time t, so that S{ x, t ) =

probability of organism in position
1 - P (z , t) - L{x, t).
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p{x, t)

probability distribution of organism in position x at time t.

b{x, t)

bias i.e. difference between unconditional probability of moving to x + <5and that of
moving to x - <5 at time t.

m{ x , t )
P{ x)

m otility i.e. probability that movement in position x is initiated at time t.
optimum plant quality achievable in a viable patchy environment.

X*, %2, ^ 3 ) X*
Pi , P 2 , P3 , P*
P*,

P 3 , H*

N i , Ng , ^ 3 , P *
go
g

states of equilibrium points.
states of equilibrium points for plant quality.
states of equilibrium points for herbivore hosts.
states of equilibrium points for vector fly.

maximum plant quality reduction by herbivory.
measure of constant plant quality in large patchy environment.

Qi

general representation for sectors in patchy environment for i = { —, 0, + } where

Q_, fio

and Q+ are the respective non-viable, viable and non-viable patches.
Jo, J i, J2, • • •

representation for Jacobian matrices.

Aq, Ai , Ag, • • •

representation for eigenvalues, where Aq is the ground-state or minimum eigen
value - [s“ ^].

B.*{x)
r*(x)
So

the radius of odour ball distance x from point of release - [cm].
the ^effective^ radius of odour ball distance x from point of release - [cm].

average speed of tsetse fly - [cm s~^].

Ko

threshold odour concentration - [mol cm"^].

/iQ

per host rate of production of octenol (l-octen-3-ol) - [g s“ ^]. Note: 1 gram (g) of 1-octen3-ol = 5.62x10^'^ molecules.

Na
So

Avogadro number i.e. number of molecules in 1 mole = 6.023x10^*^ molecules.
the average speed of tsetse fly - [cm s“ ^].
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^e(x)

Dirac-6 function that represents intensity of odour concentration at a point.

Note;

-> S{x), as 6 -4 0.
C - , Co,

respective odour concentration in sectors (patches) Q_, Qq and Q+. If there are
many sectors then we use Co, C\ , C 2 , ■■■

Vn(z), Vi{x), V2 {x), ■■•
a = h —a
Q2 W
q*{h)

representation of potential functions - [s“ ^].

measure of herd “spread” from point x = a to x = 6, for 6 > a - [cm].
the respective speed of fly spread due to host odours and host spread - [cm s“ ^j.

speed of fly spread attracted by a population of h hosts. Note: q*{h) = ql(h) + q^ih) [cm s~^j.

hi

minimum host density needed for fly population to take off.

h/v

the portion of host density above the minimum host density, h i, that is needed to bring
about an increase in the fly population.

u(x)

integrating factor used in transforming the fly density, N{ x, t ) .

L, L*

representation of linear elliptic operators, with L* being self-adjoint.

'ipo, '01) 0 2 , • • •
0 (x , t)
< f,g >

representation of orthonormal set of eigenfunctions of operator L.

representation of some arbitrary eigenfunction of operator L.
representation of inner product.

fly diffusivity due to odour attraction - [cm^ s"^].
fjLT trap constant rate of odour release - [C s“ ^j.
Hh

per host constant rate of odour release - [C h~^ s“ ^j.

Ao(£)

free parameter that carries effects of odour across all sectors Co, C \, C 2 , C3 and C4
(see Figure 5.1).

n

''required! trap efficiency i.e. the required number of tsetse flies attracted to a unit of odour
concentration released by the trap - [C~^j.

ÇIt

''actuaV trap efficiency i.e. the actual number of tsetse flies attracted to a unit of odour
concentration released by the trap - [C~^j.
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trap induced fly mortality rate - [s“ ^].

vt

M a jo r s y m b o ls /n o ta t io n s in P A R T II: (T ri-p h asic tic k p o p u la tio n )
t

representation of time of recording or occurrence of some event - [s].

a

host resistance status where rr = 1 is susceptible (5) and cr = 2 is resistant {R). Thus,
^ ^ (1) 2}

1er, /((%)

index of susceptibility for host of resistance type a G { 1, 2}.

E{ t )

number of eggs laid by adult female tick at time t - [E].

L{t)

number of ticks in the larval stage at time t - [L].

N{ t )

number of ticks in the nymphal stage at time t - [N].

A{t)

number of ticks in the adult stage at time t - [A].

F, T

representation of tick population in the ^free-living^ phase,where F = L- \ - N- \ - A)

P, V

- [F],

representation of tick population in the ^parasitic^ phase.

w, üj((t)

the respective tick load on host or host of resistance type a where a G { 1, 2} - [u,
w (or)].

W , W(j

respective population of '’free-living^ ticks that has been picked
fed on a host, W or host of resistance type a,

K , Ka

up andsuccessfully

- [W, W^r].

respective tick carrying capacity of a host, K or host of resistance type cr, Kcr - [K,
K .].

w, Wa

the respective proportions ^ and

H, H{ a)

the respective total host density, H or host density of resistance type cr,

so that

H = H{ l ) + H{2) - [H, H(cr)].
I { W) , laiy^a)

the respective proportion of ticks which drop off after successfully feeding on
a host or a host of resistance type cr, 0 < I { W) , I a { ^ a ) < 1-

li{a)

proportion of hosts of type cr i.e. herd composition where if ii{\) = p, then p{2) = \ —p.
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p[a)

rate at which ticks encounter hosts of resistance type (t, and are picked up and begin
feeding.

77, rja

the respective drop-off rate of ticks from a host or from a host of resistance type a -

|s - 'l
h, (3

egg mass produced by adults which have successfully fed on a host.

b(j^ (3a

egg mass produced by adults which have successfully fed on a host of resistance type
(T.

q

proportion of adult ticks which have fed successfully and dropped off, and which then go on
to breed, 0 < 9 < 1. Note: the quantity q(3a measures the ticks breeding success on hosts
of resistance type a.

d
ai

natural death rate of ^free-living^ ticks from all other causes - [s~^].
some proportional distribution, where 0 < 0!i < 1.

TZq
71

measure of ^tick population reproductive potentiaV.
measure of tick ^basic reproduction ratio\

Tloo
C

the maximum tick ‘basic reproduction ratio‘s as

—> 00.

the measure of ‘zebu contend that quantifies the amount of herd resistance from ‘parasitic*
phase data.

W, F

the respective equilibrium points for on-host tick load, W and ‘free-living* tick popula
tion, F.

w, Wa
K, Ka

the respective equilibrium tick load proportion ^ and

with 0 < w, Wa < I.

the respective maximum population of ticks that drop-off a host or host of resistance
type cr, so that

H*,

k

= rjK or Ka — PaFa-

the respective minimum and maximum values of host density H. Note: H* is
the critical host density so that a non-zero tick population is viable if and only if
H > H\

h — {ij k}

tick feeding sequence on host of type z, j, k G { 1, 2} where
h = { i j k } = (111, 112, 121, 122, 211, 212, 221, 222).
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rAE

emergence rate of eggs from adults - [per day]

rEL

emergence rate of larvae from eggs - [per day]

dE, di , d/v, dA

the respective death rates of eggs {E), larvae (L), nymphs (AT) and adults
(A) - [per day].

(5(z),

S{ijk) the respective tick stage transition probabilities of larvae to nymphs, nymphs
to adults and adults to eggs.

N{ i )

the number of nymphal ticks that have fed on host of resistance type i and are waiting
to start feeding on host of resistant type j .

A{ i j )

unfed adult tcks i.e. the number of adult ticks which have previously fed as larvae and
nymphs on hosts of type i and j respectively, and are waiting to start feeding on host
of type k.

A{ i j k)

fed adult ticks i.e. the number of adult ticks which have a complete feeding history
h = { i j k } where z, j, k e ( 1, 2}, and are waiting to hopefully lay eggs.

stage specific constant associated with past feeding history h, where h can be (z) or (zj)
or (ijk).
do, £0, po,

^0

some constant values associated with tick population that are - (i) inde
pendent of host resistance type; (ii) the life-history stage; and (iii) feeding
history of the tick. Note: po = Sodo

7o
a

constant value where 'yo = ^oPoH.
measure of the ‘effectiveness of attachment of ticks on hosts i. e. rate of attachment.
measure of the ''initial host resistance'.

Pi

measure of the 'effectiveness of host immune response' to tick challenge.

./, Jo, J i, J2, • • •

representation of tick-free population matrices.

A l l , A i 2, A 21, A 22
A

sub-matrices of the tick-free population matrix, Jo.

common notation for eigenvalue of matrices J, Jo, J i, J2, • • • •

Fo(A), Fi(A), F2(A), • • •

the respective characteristics polynomial of matrices Jq, J%, J2, • • •.
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0 ], 02, • • •, 08

density of egg mass from the eight possible tick feeding sequence h — { i j k} .

0[h)

density of egg mass from adult ticks with feeding history h = { i j k }

6{h)

expected final egg mass produced by a '‘free-living^ phase surviving tick.

6*{H)

critical tick viability, tick population will take off whenever 6 > 9*{H).

^(VF),

the respective 'tick reproductive function^ as a function of tick load for a fed
tick population, and for ticks that have fed on hosts of resistance type a. This
function measures the overall tick reproductive capacity from the sum total
of its feeding history.

C

the threshold constant value of tick ‘cost of feeding’ index, ^ (W ) that indicates the required
level for tick population to take off. A tick population will always be sustained whenever
^ (W ) > C, otherwise it is unsustainable.

C{6)
X

measure of 'zebu contenf as quantity of herd resistance from 'free-living^ phase data.
vector of state variables of tick population in the 'free-living^ phase.

X*

equilibrium vector of tick population in the 'free-living^ phase.

W*

equilibrium tick load.

J { W)

the 'free-living^ phase tick population matrix depended on tick load, W .

A ii( lT ) , A i 2(W ), A 2i(W ), A 22(kF)
.7*(IT)

of the tick-present

population matrix, ./(IT).

a lower triangular matrix of order 15 by 15.

$(A), $o(A)
6.)

sub-matrices

f,ijk

representations of characteristic polynomials.
constant stage transition values.
stage transition functions depended on tick load, W .

24

TABLES OF PARAMETER ESTIMATES
T a b le 3.1: P a r a m e te r e s tim a te s o f th e fly, N{x,t)', h o s t, H{x^t ) a n d p la n t, P{ x , t )
c o m p o n e n ts o f th e ID E m o d e l s y s te m (2 .5 .5 ).

N{ x , t )

Parameter:

Estimated value/units

Meaning of parameter:

Reference:

Vi

5.4x10-^ s-^H-^

reproductive rate of fly per host

[148]

V2

3.0x10-^ s“ ^

fly natural death rate

[148]

Dn

625 cm^ s“ ^

fly population rate of diffusion

[81]

0.671 s-^

per-host rate of feeding

(A3.2.5a)*

H{ x , t )

P (T ,t)

m
m

2 .4x10“ ^

per-fly induced host death rate

(A3.2.5b)

0.202 s"^

host natural death rate

(A3.2.5c)

P2

9.407 s-^

plant quality rate of regeneration

(A3.1.8a)

P3

0.292

per-host reduction in plant quality

(A3.1.8b)

P4

0.140 s-^H-^

rate of per-host induced plant

(A3.1.8c)

damage

P

0.883

inflmum of maximum plant quality

(A3.1.8d)

N o te : (A3.2.5a)* implies that parameter r/i coded (5a) is estimated from some model in Ap
pendix A3.2. Same meaning applied to the others in Tables 3.1 and 4.1.

T ab le 4.1: P a r a m e te r e s tim a te s o f t h e od o u r c o m p o n e n t, C{ x, t ) o f t h e ID E m o d e l
s y s te m (2 .5 .5 ).
Parameter:

Estimated value/units

Meaning of parameter:

Reference:

Uo

30 cm s “ ^

constant wind speed

[81, 91]

So

500 cm s~^

upwind speed of tsetse fly

[81, 265]

P

5.62x10^'^ mol s~^

per-host rate of odour release

(4.3.8c)

Dc

0.035 cm^ s~^

odour rate of diffusion

[228]

Ko

9.4x10^ mol cm“ '^

threshold odour concentration

(4.3.18)

Co

4.7x10^^ mol cm~'^

initial odour concentration

(4.3.19)

7

3.2175x10^" s-^

odour rate of decay

(4.4.6b)

C

2.7x10^^ mol cm^

a unit of odour concentration

[249]

= concentration of 1 mole of
odour attractant, C{ x, t )
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PREAMBLE
Introduction
Some mathematical models may be of practical use from an application point of view, while
others may primarily be research tools enabling us to examine and scrutinize complex scenarios
which do not lend themselves to experimentation [1]. In this thesis mathematical models serve
the dual purpose of being used as research and application tools. As research tools, models are
developed and used to investigate trophic interactions between two different classes of herbivore
disease vectors (macro-parasites) and their herbivore hosts {Bovidae). As application tools, the
resulting analysis of the model system can show that by understanding the scales of changes in
model parameters it is possible to manipulate the parameter estimates influencing the states of
the model system in such a manner that favours a low vector density over a time period.
Such manipulation can for example selectively target certain aspects in the vector feeding
behaviour for purposes of adapting such aspects in a biological vector control programme that
is affordable and environmentally safe. I have conveniently classified the two macro-parasites
which I consider into '"migrant'' and 'non-migrant' vectors purely based on their movement
patterns in search for food, but also as disease vectors of major economic importance in the
tropics and especially in sub-Saharan Africa (SSA).
The tsetse fly species Glossina spp. is my target candidate for a 'migrant' vector because of its
patterns of vigorous movement and dispersion in such of bloodmeal and sexual partners, and
also as a major vector of human trypanosomiasis (sleeping sickness) and animal trypanosomiasis
(Nagana) that is caused by the protozoan trypanosome parasites which are transmitted by
tsetse flies, whereas my target candidate for a 'non-migrant' vector because of its almost ‘static
posture’ while perched on vegetation waiting to scent passing animal hosts for attachment
and hopefully eventual engorgement with bloodmeal, is the tri-phasic brown ear tick species
Rhipicephalus appendiculatus which is a major vector of the animal disease theileriosis or East
Coast Fever (EOF) that is caused by the protozoan parasite Theileria parva transmitted by
this tick species.
Human and animal trypanosomiasis widespread in many countries of SSA while theileriosis
(EOF) is mainly restricted to East, Central and Southern African region. Critical to formulating
better control methods of these vectors is in understanding factors that influence their movement
patterns in such of bloodmeal. The movement patterns of these two vectors are not only crucial
in initiating the required trophic interactions, but they have also influenced the modelling
approaches to the dynamics of the two vectors as it will be seen in greater detail in Parts I and
II of this thesis.
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W hy study tsetse and ticks together
These two vectors are classified as arthropods because they have jointed limbs [2]. The two
vectors are biologically different in all aspects, however, a similarity between the two comes
from their feeding behaviour in that both are haematophagous arthropods and need to feed on
vertebrate animals and in our case cattle herbivores for blood-meals to sustain their populations.
The key factor assuming successful contact has been made between host and vector is that
both vectors have to interact with the host animals at the cutaneous interface in one way or
another in the course of their feeding, and sometimes feeding on the same group of cattle. These
interactions come about through chemical communication, visual contact and target perception
on the part of the macro-parasites. There is a high degree of chance meeting in the case of ‘nonm igranf vectors (ticks), and active search and attack in the case of '‘m igrant vectors (tsetse
flies) depending on the degree and intensity of hunger pangs and availability of target hosts.
In their own individual capacities, these vectors cause massive economic losses to livestock
production and populations [3, 4], and yet in most cases livestock population will be under
attack by the two vectors simultaneously, making it imperative to understand the dynamics
of the two vectors however different their models or biology might be. The control of these
vectors using traditional methods such as bush clearing and chemical spray is very expensive
[5]. Mwangi et al. [6] observed that the presence of Theileria parva has a compounding effect on
the health of tsetse-challenged animals because less resistant animals to trypanosomiasis such
as the Bos indiens Galana Boran cattle suffer heavy mortality rates from tick induced diseases
such as theileriosis, hence the need to control both vectors to minimize incidence of disease that
they transmit.
In their study on tsetse control with insecticidal pour-ons, Baylis and Stevenson [7] pointed out
that there is a knock-on effect of using pour-ons in that dipping not only improves herd health
via other changes and that improvements to herd health increase the resistance of cattle to
trypanosomiasis, it also helps to control tick population to a point where pour-ons were in fact
more effective at controlling ticks. They emphasized that assuming there is a regular supply
of chemicals, pour-ons are an effective means of controlling trypanosomiasis in cattle in Africa
and by implication ticks, and their use should be encouraged.
Recent epidemiological studies carried out in East Africa have indicated that some Bos indiens
cattle breeds such as the Orma Boran and Maasai Zebu have a degree of trypanotolerance worth
exploitation by their introduction into trypanosomiasis endemic areas where other cattle breeds
cannot survive. However, in most areas of East Africa, trypanosomiasis, ticks and tick-borne
diseases occur together [8]. It is therefore important to obtain information on the susceptibility
of these breeds to tick infestation and tick-borne diseases. For both R. appendienlatns and
Boophilns deeolaratns, susceptibility to infestation increased in the order, Maasai Zebu, Orma
Boran, Galana Boran and Friesian [8].
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The tick-borne disease East Coast Fever (EOF) caused by T. parva, occurs together with
trypanosomiasis on the Kenya Coast and other parts of the Rift Valley where beef cattle form
the main economic backbone, while anaplasmosis has been reported to be significantly prevalent
in other tsetse-infested areas such as Galana Ranch and the Nguruman Escarpment [8]. To what
extent can we exploit trypanotolerance trait in cattle in East Africa, in the face of tick challenge?
Studies conducted by Mwangi et al. [8] have shown that cattle breeds such as Maasai Zebu and
Orma Boran that are trypanotolerant also have a greater resistance to tick infestation than the
other two breeds of cattle, Galana Boran and Friesian which also have lower trypanotolerance.
Clearly, there is some justification as to why a '‘holistic^ approach to controlling trypanosomiasis
and theileriosis is worthy looking into, because cattle breeds that display resistance to one
disease also tend to show a significant resistance to the other disease [6, 8]. Which resistance
precedes is difficult to tell, as it depends on the earlier exposure, with breed of cattle being the
determining factor [8].
The emerging relationship between cattle, tsetse and ticks in SSA makes it imperative that
controlling one vector and ignoring the other if it is also a major problem does not make
economic sense, and yet from [6] we see that tsetse-challenged animals that are less resistant to
trypanosomiasis suffer heavy mortality rates from tick induced diseases. Further, we see from
[7] that a positive consequence of using pour-ons in controlling tsetse is that dipping not only
improves herd health via increasing the resistance of cattle to trypanosomiasis, but also helps
to control tick population.

Problems caused by tsetse flies
There are 22 species of tsetse flies found nowhere else in the world except 36 countries in SSA
[9, 10].

Tsetse flies {Glossina spp.)

transmit a debilitating and often fatal animal disease

trypanosomiasis, commonly known as “Nagana”, which causes tremendous losses of livestock,
and severely limits agricultural production (it reduces output of milk and meat, causes mortality,
infertility and abortions in livestock, deprives the rural population of draught power and manure
to improve and increase crop production) [9, 11]. Nagana is endemic throughout the humid
and semi-humid zones of Africa coincident with the distribution of tsetse, which infest an area
of some 10 million km^ embracing these 36 countries [5, 12, 13].
Tsetse flies also transmit human trypanosomiasis, commonly known as “sleeping sickness” which
affects approximately 25,000 to 50,000 people per year in Africa, and cases tend to be restricted
to relatively small geographical foci within the total range of tsetse flies [14]. It is estimated that
over 55 million people in SSA are at risk from this fatal disease [9]. According to Pearce [15],
the tsetse fly today is second only to AIDS as an obstacle to Africa’s development, probably
half a million people contract sleeping sickness each year, of whom some 100,000 die. The tsetse
fly remains a major obstacle to the economic development of whole regions - often the best.
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most fertile lowlands that would otherwise make ideal cattle country. These become virtual
no-go areas for humans and cattle alike [15].
Cattle population in SSA is estimated in the order of 142 million, 45 million of which are
supposedly found in tsetse infested areas where use of trypanocidal drugs is the main method
of controlling trypanosomiasis [16, 17]. Cattle found in tsetse infested areas makes up about 30%
of Africa’s cattle that graze on the fringe of the tsetse habitat, many sustained by chemotherapy
and tsetse control programs. Regions of high tsetse and trypanosome challenge, which account
for some 70% of the humid and semi-humid zones of SSA, are devoid of cattle and hence
integrated cattle and market garden systems [13]. The absence of cattle and other domesticated
animals for traction, forage conversion to fertilizer and livestock contribution to the small holder
economy, makes the classic agrarian model of societal development inapplicable to this region
[13],
Impact assessment analysis conducted by Gilbert et al. [18] using the décision-support system
PAAT-Information System (PAATIS) indicated that for the 37 countries included in the analy
sis, present data shows that there are approximately 175 million head of cattle, of which 45
million are within the area of tsetse infestation. From the predicted cattle impact map, they
calculated that there would be an increase of approximately 50 million head of cattle (effectively
a 100% increase in actual numbers) if all tsetse were removed [18].
Trypanosomiasis has long been seen as a widespread constraint on agricultural development
in tropical Africa [11, 16, 19, 20]. The UK government has invested the equivalent of £35.6
million (US$53.4 million) on tsetse related research with the international community as a whole
investing ten times more. Despite its very substantial investment, there has been very modest
uptake of research findings and it is difficult to verify that it has resulted in any significant
increase in production or productivity at farm level [16]. Estimates by Budd [21] showed that
the total cost of controlling tsetse throughout the continent to be in the region of US$20 billion
- but the benefit to agriculture would be in the region of US$50 billion within ten years.
Currently, there are three broad approaches to controlling trypanosomiasis: (a) disease man
agement using trypanocidal drugs and/or vaccine; (b) use of trypanotolerant cattle breeds; and
(c) tsetse control methods that comprises (i) odour baited traps; (ii) odour baited targets; (iii)
pour-ons; and (iv) avoidance of challenge [16, 22]. All these disease control options are clearly
more sustainable than any other control methods such as sterile male technique, ground and
aerial spraying, wildlife elimination and habitat clearing [16] and yet the success rate of tsetse
control programmes in most SSA countries save for Zanzibar is very disappointing [9, 10, 23].
Trypanocidal drugs are probably the most commonly used veterinary products in SSA [24],
and there is evidence of trypanosome resistance to therapeutic drugs that has now been re
ported in at least 13 African countries, and especially where tsetse numbers are very high drug
resistance is much more likely to develop [24]. Since animal trypanosomiasis doses not affect
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western/developed livestock, no new drug has entered the market for 30 years [25, 26] and yet
Nagana kills between 45-50 million cattle annually in SSA [26].
At the present time, the number of drugs available for treatment of human and animal African
trypanosomiasis is very limited. In addition, most are toxic, and drug resistance is becoming
an increasingly important problem [27]. Despite the exciting work on the trypanosome genome,
gene regulation and physiology, it is difficult to envision pharmaceutical firms investing large
sums of money to develop new anti-trypanosome drugs for both humans and animals for a
market whose per capita incomes is less than US$ 100.00/year [27]. Also, given the small size
of the market, there is poor prospect of new drugs being developed. In any case, in many
African countries, governments lack the institutional capability to implement large-scale drug
programme [22].
The control of trypanosomiasis of livestock in SSA has been frustrated by the continued spread
of resistance to trypanocidal drugs. Hence, more than ever, the disease needs to be controlled by
attacking its insect vectors, the tsetse flies ( Glossina spp.) by other methods [28]. Therefore, the
only viable route is the use of inexpensive self-sustaining tsetse control methods at community
level that have already been developed such as trap and target technologies [27]. It would appear
that although tsetse control methods may have been technically refined, meeting a perceived
need of glossinologist and veterinarians, they have been rejected by the very institutions and
people they were intended to benefit [16]. Why have farmers not been more receptive to these
simple and affordable tools for tsetse control?
The problem has been sustainability of tsetse control programs [10, 16, 19, 20] which has been
made difficult by several factors such as: (i) farmers preference for trypanocidal drugs [16, 29];
(ii) a ‘top-down’ planning approach usually imposed by donors which often ends with disastrous
results [12, 29]; (iii) the 37 tsetse-infested countries in SSA are over-burdened by external debts
to the tune of US$354 billion and hence, most if not all find it difficult to allocate sufficient
funds to sustain tsetse control programmes [10]; and (iv) poor sustainability that has been
associated with management and financing issues at community level [21]. Brightwell et a l
[30] pointed out that these problems are evident even when low cost tsetse traps developed in
Kenya and costing only approximately $8.5 per unit are made available. Also, Hargrove [31]
showed from modelling studies that small-scale community-based tsetse control activities are
subject to re-invasion of tsetse.
Despite past failures in suppressing tsetse population, for the time being, tsetse control remains
the most effective option. Tsetse control failed in the past for a number of reasons such as
environmental concern that forced the withdrawal of insecticide-based techniques; restriction in
choice of control tools and narrow scope of control that did not take into account anthropogenic
factors [32]. There are many examples throughout Africa of the fact that it is relatively easy
to kill tsetse in sufficient numbers to have a significant impact on trypanosomiasis. What has
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proved more difficult has been to sustain such operations at the levels required to consolidate
these gains and prevent reinvasion, and also further developments of novel bait technologies
[32] or development of acceptable methods of assessing the viability and efficiency of such
technologies.
Based on their experience, Catley et al. [29] indicated that research organizations and donors
should adopt more participatory approaches to developing control programmes for bovine try
panosomiasis, and be willing to adjust project activities according to local analysis of problems
and opportunities. For maximum impact and sustainability, animals trypanosomiasis control
strategies should target livestock producers (actual and potential). The affected community
should be involved and be at the centre of tsetse vector control for it to succeed and be sustain
able [16]. Since the emphasis is now on smaller scale operations using bait techniques, which
are presumed to be environmentally more friendly [24], then one solution is to put greater effort
into developing very efficient traps that are easy to assemble from locally available resources and
affordable so as to achieve a sustainable tsetse control program. Seed [27] noted that further
research on these tools should be carried out to enhance their capabilities and refine methods
of estimating their lifespans and efficiency.

Problems caused by ticks
Over 70 tick species have been identified from various animal species in SSA with R. ap
pendiculatus, Boophilus microplus, B. decolaratus and Amblyoma varyegatum being the most
predominant species that also transmit several tick-borne diseases to cattle such as richettsia,
tularemia, borreliae, anaplasmosis, babesiosis (redwater), cowdriosis (heartwater) and theile
riosis (East Coast Fever) [33, 34, 35, 36, 37, 38, 39, 40, 41]. Of the above tick-borne diseases,
theileriosis which is also called East Coast Fever (ECF), caused by the haema-protozoan para
site Theileria parva (Piroplasmida: Theileriidae), and whose main vector of transmission is the
brown ear tick R. appendiculatus is economically the most important disease due to its wide
spread in many parts of SSA and the adverse effects theileriosis has on livestock cattle [34, 42,
43, 44, 45].
Ticks, which are ectoparasites, pose a considerable threat to humans and animals all over
the world [46]. World economic losses from ticks are estimated at US$7 billion annually [47].
Mukhebi et al. [3] has presented regional estimates of economic loss for 1989 due to theile
riosis in SSA. Besides the diseases that they transmit to cattle as they engorge on bloodmeal,
with their powerful mouth parts, ticks damage the skin which lead to reductions in leather
quality. Moreover, every tick bite facilitates secondary infections (bacterioses, mycoses, maggot
infestations), especially in the tropics, and this aggravates the damage. Ticks consume 1 to 3
ml of blood in the course of a complete life cycle. Where there is mass infestation, the host
animals consequently suffer from anemia and nervousness which results in low meat and milk
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production [47]. Brossard [47] pointed out that the control of ticks and diseases transmitted by
ticks is extremely difficult. Even today, the most common prophylactic and therapeutic control
measure against ticks is essentially the use of acaricides [45, 47].
It has always been recognized that resistance of ticks to acaricides is a major problem [47, 48];
but farmers have continued to use these chemicals due to lack of viable alternative method
of tick control [47]. However, the evolution of tick resistance to acaricides has been a major
determinant of the need for new products. The possibility of stocking with cattle that acquire
pronounced resistance to ticks or using recombinant antigen anti-tick vaccines are the most
promising alternatives to acaricides [48, 49]. These two control measures - vaccines and cattle
breed-associated naturally acquired resistance to tick infestations are immunological methods
that rely on host immunity to control ticks [47, 49]; also these immunological methods that
induce resistance in animals are an attractive way to kill ticks [50].
While a vaccine against R. appendiculatus is unavailable at the moment, there is one against B.
microplus tick that is commonly found in Australia [51]. An attractive way to control ticks is to
use resistant animals which naturally acquire resistant to ticks [47]. This method of tick control
has been used in Australia, and today the Australian tick control programme has been hailed as
a major success [50]. The Australian approach to tick control that involves: (i) use of strategic
acaricide treatment coupled with; (ii) use of tick-resistant cattle; and (iii) immunization against
tick-borne diseases should be considered as an alternative solution capable of being done in
Africa [52].
Why is Australian tick control program said to be a success? Pegram et al.

[53] observed

that unlike African situations that have a multitude of tick species and several important tickborne diseases (TED ), Australia has a single species of one-host ticks. However, B. microplus is
undoubtedly the most difficult tick to control because the development of resistance to acaricides
has proven inevitable. An integrated pest management approach has been implanted based
mainly on maximum host resistance and minimal use of acaricides [53].
In the control of B. microplus in Australia, Norton et al. [54] observed that the three important
processes in the tick’s life system - development of free-living stages, host-finding and feeding
are used as a basis for the analysis of management options, where host resistance is seen as an
essential basis for any integrated control approach. Host finding is expressed as the proportion
of larvae picked up per animal per week (animal"^week^), and mean herd resistance is described
by the percentage of attaching larval ticks that mature (% yield); high resistance is therefore
associated with low % yield and vice-versa [54].
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Quantifying host resistance to tick infestation
The Australians used percentage of attaching larval ticks that mature as a way of measuring
herd resistance [54]. Elsewhere others have used different parameters to measure host resistance.
In assessing tick infestation on cattle in Ethiopia, Solomon and Kaaya [52] noted that visual
assessment of tick infestations on cattle has been found to be highly correlated with previously
defined ranks according to tick counts. This method is more practical for farmers to adopt for
selection and culling of the least resistant animals [52].
Unlike the Australians who focused on attaching larval ticks, Solomon and Kaaya [52] indicated
that only the adult stages of ticks are of economic importance and these are easier to recognize
on the animals. Larvae and nymphs, however, which are difficult to sample, have no significant
effect on liveweight gains and can, therefore, be ignored by the farmers [55]. Cross-breed cattle
carried more ticks than the indigenous cattle particularly in the season of high tick activity.
The Arssi breed had the highest level of tick resistance, the Boran occupied the intermediate
position and the Boranx Friesian cross-breed was the least tick resistant. Highly resistant cattle
such as the local Arssi maintain the total tick populations at very low levels [52).
In field trials in Kenya, Latif et al. [56, 57] used zebu cattle to rank animal resistance according
to on-host tick load, where rank 1 was animal with high resistance and rank 5 animal with low
resistance and then determined an index of resistance. Despite the fact that host resistance
is likely to provide the cornerstone of future integrated tick control strategies [54], there is
no system atic way of quantifying host resistance from what we have seen in Australia [54],
Ethiopia [52] and Kenya [56, 57]. In studies on integrated control methods against the cattle
tick B. microplus in Australia, Norton et al. [54] labeled the quantity of heritable resistance in
cattle as ^zebu contenf. The heritable resistance level of cattle is largely determined by breed.
It is generally accepted that production losses occur where more than 50% ^zebu contend is
incorporated into European crossbred cattle, except in the hot tropics where greater percentage
is advantageous to cope with the stressful conditions [54].
The tick yield of a herd with 40-50% ^zebu contenf for instance, can range from 1 to 6% at least,
producing equilibrium tick populations ranging from an insignificant number to over 300,000
ticks beast"^ year" \ in a sequence of average years. However, Norton et al. [54] indicated that
herds should be distinguished not by their ^zebu content'' but in terms of their average resistance
level, expressed as percentage yield of larvae to adults [54]. It is worthy to note that despite
the pervasive impact of cattle density and movement on the cattle tick life system, in most
situations it is the effect on host-finding rate that is likely to have the major impact on tick
population dynamics [54].
Obtaining statistically acceptable measures of ^zebu contenf depends on the availability of
reliable tick data. Tick distribution data are more difficult to analyze than tsetse data because
published maps often record only the points at which ticks have been collected, despite the
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fact that areas in between the points may well be suitable for ticks but are assumed unsuitable
based on readings from the map [45]. Also, in Africa, several other parasites including T. parva,
the cause of East Coast Fever (ECF) and other parasites have no detailed understanding of
their epidemiology, and it is not known whether they can establish an endemic, stable and
disease-free situation within cattle populations [58]. However, that does not alter the fact that
in the African situation host resistance to R. appendiculatus tick can play a significant role
in tick control, similar to what has been done in Australia for B. microplus without causing
outbreaks of tick-borne diseases [58].
Estimating the level of cattle resistance or measuring the amount of ^zebu contenf in animals
by counting on-host tick load as explained in [52, 54, 56, 57], is simple but ignores the fact host
resistance is a consequence of some host immunological reactions from tick infestations. Tick
feeding induces a complex array of host immune responses involving antigen presenting cells, T
lymphocytes, B lymphocytes, antibodies, complement, basophils, mast cells, eosinophils and a
number of bioactive molecules [44, 59, 60, 61, 62, 63].
Quantifying resistance or measuring the amount of '‘zebu contenf in cattle is done indirectly
by observing and measuring ticks post-feeding parameters [54, 57]. Acquired resistance to hard
ticks (Acari; Ixodidae) may be expressed in ticks through: reduced engorgement weight; in
creased duration of feeding; decreased number of ova; reduced viability of ova; blocked moulting
and the death of engorging ticks [60]. Tick countermeasures against host immune defenses tar
get those pathways shown to be important in the expression of acquired immunity to ticks [60].
Tick suppression of host immune defenses probably enhances the ability of tick-borne pathogens
to establish effectively in the host [47]. Therefore, it is imperative that more realistic measures
of resistance or 'zebu contenf in cattle can only be achieved by taking into consideration a
sizeable number of ticks post-feeding parameters that actually reflect a true manifestation of
host resistance.
The Australian situation is particularly relevant for pastoral communities in Africa who migrate
from one area to another in search of suitable pastures for their cattle, therefore, it is not feasible
to provide regular dipping and other veterinary facilities to these communities. Because of
their migratory lifestyles, it is to their own benefit to keep cattle with high levels of anti-tick
resistance. Clearly, tick-resistant cattle breeds may become major factors in the formula for
future tick control programs, despite the present situation where most cattle producers still
rely completely on acaricides to control ticks on their livestock [48]. Besides using resistant
animals, certain steps should be taken that will boost and sustain animal resistance such as
providing quality nutrition and pasture. Host management can be another useful component of
an integrated tick management strategy whereby, lowering the stocking rate of cattle can lower
tick population growth rates by reducing the overall host-finding rate of ticks [48].
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Objectives of the study
The overall objective of my research study is:
T o d e sc r ib e an d a n a ly z e tr o p h ic in te r a c tio n s b e tw e e n '"migrant' ( ts e ts e flies) a n d
'"non-migrant' (tr i-p h a sic tick s) h erb iv o re d isea se v e c to r s (m a c r o -p a r a site s), th e ir
h e r b iv o re h o sts an d r e la te d tr o p h ic lev els c r itic a l t o th e ir su r v iv a l, a n d to sh o w
t h a t by e x p lo itin g c e r ta in a s p e c ts o f th e ir fee d in g b e h a v io u r it is p o s s ib le t o
id e n tify c o n d itio n s n e e d e d to r e d u c e th e v e c to r p o p u la tio n over a p e r io d o f tim e .
The specific objectives are:
1. to derive suitable spatial and non-spatial models that illustrates core interactions between
herbivore hosts, disease vectors (macro-parasites) and other essential trophic levels;
2. to analyze the models using a variety of mathematical techniques with an aim of elucidating
relevant ecological and biological information;
3. to identify the principal parameters controlling the trophic interactions within the model
system of each vector, and to indicate to what extent changes in these parameters affect the
model system;
4. to show that by understanding the scales of changes in these model parameters and their
influence in the states of the system, it is possible to manipulate them in such a manner that
we can identify conditions that: (i) favour low vector density; or (ii) promotes lowering and
sustaining vectors at low densities to an extent that host-vector contact is minimized over a
period of time.

Outline and structure of the thesis
For both vectors, the core biological behaviour that has been utilized for purpose of modelling
is their feeding habits, and the vectors relationship with the other trophic levels critical to
their survival. The feeding aspect is important not only to the disease vectors (heterotrophs),
but also to the affected herbivore hosts that depend on the plant population (autotroph) for
food. Hence an inherently complex phenomenon of trophic interactions sets in, involving not
just the vectors, hosts and plant populations but also the chemical interactions that assist in
host detection and identification by the vector. To facilitate the modelling process, I have dealt
with interactions between total populations of hosts and vectors as 'functional groups' - that
is, groups of species which play an essentially similar role in the passage of nutrient from one
place to another [1, 64]. The thesis is conveniently divided into two parts - Parts I and II.
Part I primarily deals with model aspects that are essential in promoting feeding behaviour
within tsetse flies Glossina spp.

as a 'migrant' population, with critical attention given to
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the role of spatial and non-spatial dynamics, dispersal and chemo-at tractants exuded by the
herbivore hosts. Part I is made up of six chapters, 1 to 6; with the last one (chapter 6) being the
discussion chapter. Each chapter starts with a statement on what it does and a short summary
of its key findings. Reducing tsetse population by exploiting certain aspects of the dynamics
of its feeding behaviour is the central theme in Part I, where in chapters 4 and 5, through the
mechanics of odour dispersion and odour baited traps as ‘killer hosts' we specify conditions for
reducing fly population by use of traps whose efficiency can be quantified to tell us whether we
are using the right traps for the purpose of controlling tsetse fly populations.
For the plant population in Chapter 2, I have skated over a wealth of biological detail and
differentiated only between plants which are edible by the herbivores hence offer a higher ‘plant
quality' or are attractive to the animals and those which are not. The complete chemical com
position of any chemo-attractant considered has also been side-lined and instead all chemicals
exuded by the herbivore hosts, whether as bodily sweat, urine or carbon dioxide are classified in
a functional group as ‘odour attractants'. It is only the active ingredient in the odour attractant
which is later identified for purposes of computing the gram molecular weight (gmw) that will
be required for certain computations.
Part II is primarily concerned with the tri-phasic tick species R. appendiculatus as a ‘nonmigrant' population. Due to the immobile nature of its lifestyle, the model development puts
greater emphasis on the most important aspect of a female ticks life - its reproductive capacity
in the course of its host feeding and development cycle. Part II is made up of four chapters,
7 to 10; with the last one (chapter 10) being the discussion chapter. The same format as in
Part I is followed, where each chapter save for the last one starts with a statement on what the
chapter does and a short summary of key findings from the chapter. Lowering tick population
through an understanding of the dynamics of host resistance is the central theme in Part II,
where in chapters 8 and 9, host resistance is integrated into the models as a constant term and
density-dependent variable whose values changes depending on the level of on-host tick load.

Analysis of tsetse and tick models
In Part I which deals with tsetse flies, I formulated a system of non-linear partial differential
equations (P D F ’s) to be called ‘interaction diffusion equations' or IDE, which constitutes the
set of population interaction diffusion equations to be analyzed. These equations fall under
the class of coupled system of parabolic P D F ’s whose general form is well known and can be
adapted to many biological situations [64, 65, 66, 67]. The analyzes of the IDE was carried out
by considering two particular aspects of the model system: the non-spatial and spatial models.
In the non-spatial model, I have considered the case in which diffusion and bias are absent
which presents us with a situation in which there is spatial homogeneity. In the spatial model
I have considered a situation in which both diffusion and bias are present, giving us a situation
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in which we assume the presence of spatial heterogeneity. A further useful assumption in the
analysis of the spatial model is the distribution of ''plant quality^ in a patchy environment so
that a viable population of herbivore hosts can only exist in a patch if 'plant quality^ is above
a certain threshold value.
In the case of Part II which deals with tri-phasic ticks, I formulated two groups of non-linear
ordinary differential equations (ODE’s). The first group has two sets of equations which models
the dynamics of ticks in the 'parasitic^ phase of their development when ticks are on-host
attached to the host and feeding. The first set of 'parasitic* phase model is a 2-dimensional
vector-field that models the dynamics of ticks feeding on a homogeneous herd, that is, hosts
with similar resistance levels as in the case of wild hosts. The second set of 'parasitic* phase
model is a 3-dimensional vector-field that models the dynamics of ticks feeding on a mixed herd,
that is, hosts composed of animals which are a mixture of more susceptible like some types of
domestic cattle, for example Bos taurus and the less susceptible (resistance) animals like the
wild hosts and some types of domestic cattle, for example Bos indiens.
The second group of O DE’s models the dynamics of ticks in the 'free-living* phase of their
development. The eight possible feeding sequence of ticks from the egg stage to final adult
stage (Figure 9.1) are considered giving rise to a 16-dimensional vector-field that models the
dynamics of ticks in the 'free-living* phase of their life-cycle when they are oflF-host either
undergoing moulting to the next instar stage or waiting for a host feeding on nearby vegetation
to attach and start feeding or just depositing their egg mass in the case of female adults that
have successfully completed the feeding and moulting stages or just waiting to die.
The analysis of these two groups of vector-fields followed the standard linear stability analysis.
In both phase models, I performed the analyzes of two cases: the tick-free equilibrium (zero
equilibrium) to elucidate the necessary conditions for a tick population to take-off and the tickpresent equilibrium (non-zero equilibrium) to determine in principle the necessary conditions
needed for suppressing a tick population. Simulation and sensitivity analysis is later carried out
in the non-zero equilibrium case of the 'free-living* phase model, to elucidate the significance of
some key tick-host parameters. This analysis enables us to see how sensitive final tick population
is to variations in the key parameters.

Summary of major findings
The model analysis from Part I show that tsetse fly population can be controlled by focusing on
the parameters that determine the ‘actual’ and ‘required’ efficiency of tsetse traps. Whenever
the ‘actual’ trap efficiency is greater than the ‘required’ trap efficiency, then the trap is efficient
enough to cause the added trap induced fly mortality rate to be so large that the fly population
is eventually reduced over a period of time. This trapping condition must be maintained if
traps are to be considered as effective tools for controlling tsetse populations.
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Model analysis from Part II show that the tick population can be controlled by having sufficient
numbers of resistant animals to such a level that the herd resistance as quantified by measure of
‘zebu contenf is less than one, and hence, leading to the collapse of the tick population. Thus,
having resistance animals is necessary but not sufficient to lower tick population. Sufficiency
is achieved by having enough numbers of resistant animals to ensure that measure of ^zebu
contenf is less than one always. In the case of free-living^ phase ticks, we show that there is a
linkage between measure of ’zebu contenf and the overall tick ‘cost of feeding’ index computed
from tick post-feeding parameters.

We also show that the population of free-living^ ticks

collapses whenever the overall tick ‘cost of feeding’ index as quantified from egg mass is below
the threshold value.

Some remarks
From an applications point of view, finer and more precise details will be needed so that the
amount of detail in the model will always be influenced by the questions we seek to answer.
The aspect of non-linearity is very prominent in both Parts I and II, however, models in Part
I have greatly utilized the aspect of vector movement towards food source or the vector being
attracted in the general direction of food source being more explicit than in models of Part II.
The measures obtained for trap efficiency in Part I and amount of '‘zebu contenf in Part II are
shown to give values that are robust and more representative of their respective populations
compared to what has been done so far in respect to those two aspects.
Overall, model development and analyzes in Parts I and II show that through a theoretical
understanding of the complex trophic interactions between the disease vectors and their herbi
vore hosts, it is possible to selectively target certain parameters essential in the vectors feeding
behaviour and manipulate these parameters with an aim of regulating or controlling the popula
tions of the vectors in a control programme. In both cases, the control variable is the density of
the disease carrying vectors and the control problem being to drive the vector population below
a certain harmless level over a period of time. Areas for future improvements and investigations
are presented.
For ease of reference, major symbols and notations together with their meaning and units
(for some) are summarized in ‘L IST O F S Y M B O L S /N O T A T I O N S , M E A N I N G &
[U N IT S ]’ on pages 16-20 for those in Part I, and pages 20-23 for those in Part II. Parameter
estimates are summarized in two tables presented together for ease of reference in ‘T A B L E S
O F P A R A M E T E R E S T I M A T E S ’ on page 24.
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PART I

M igrant vectors (tsetse flies): M odelling th e
critical role o f host chem o-attractants in
sustain ing tsetse fly dispersal in a
plant-vector-host-odour interaction
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Chapter 1
THE TSETSE FLY {G lossina spp.)
1.0 Introduction
Chapter 1 examines the basic tsetse biology essential to the modelling process, and gives a
review of past work done in modelling tsetse populations and the various procedures used to
control tsetse fly populations are presented. Focusing on trapping, I indicate which areas the
models to be developed will contribute by showing how to quantify and improve the ‘kill rate’
capacity of a trap as a ‘stationary host’, with an aim of improving and enhancing fly trappability
as part of an overall tsetse control strategy.
Problems caused by tsetse flies {Glossina spp.) in sub-Saharan Africa (SSA) have been outlined
in the Preamble. In addition, the African trypanosomiasis of man and cattle {Bos) constitute
not only a human health hazard but impose a major constraint in livestock production and
general agricultural development over an estimated 10 million km^ of the African continent in
sub-Saharan Africa (Figure 1.1) covering about 35 countries [68]. Most of this land is potentially
highly productive but its full economic development is being denied because of the impact of
this group of diseases on man and his livestock.

1.1 Tsetse flies and its trypanosomes
Tsetse are a small group of specialized flies (Diptera; Cyclorrhapha: Glossinidae) which are
now restricted to tropical Africa. Adults of the 23 extant species and eight sub-species range in
length from approximately 6 mm to 15 mm, and are generally dull, yellow, pale brown or dark
brown in colour [14]. Tsetse are remarkable for their viviparity, females producing one, fullygrown larva approximately every 8-10 days. Larvae are deposited in shady places and usually
burrow a short distance into the soil where they pupirate within a few minutes and complete
development takes approximately three weeks. Adults newly emerged from the puparia are soft
to the touch and referred to as ’teneral’, a stage which ends with the first blood meal [14].
The main importance of tsetse flies {Glossina spp.) (Figures 1.2, 1.3 and 1.4) is as a vector of
the animal trypanosomiasis which is responsible for huge economic losses in the cattle industry
[69]. The infected cattle belonging to the susceptible breed become thin, emaciated and often
die. Despite the fact that the major cattle breed Zebu and Boran {Bos indiens) develops some
immunity towards this disease, mortality rates are very high among the infected cattle, and in
many areas of sub-Saharan Africa heavy tsetse infestation can reduce animal growth rates by
40-50% and milk yields may be diminished to about 0.5-1 litre per animal per day from normal
mean yield of 2.5 litres per animal per day [68, 70]. The present 35 million cattle in sub-Saharan
Africa could be increased to 160 million if animal trypanosomiasis could be eliminated [11, 68,
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69, 71, 72].

1 .1 .1 S p e c ie s o f A frica n t s e t s e
The twenty two species and various sub-species of tsetse found in Africa are divided into three
groups according to their anatomical similarities are recognized [16]:
F o rest t s e t s e - fusca group: Eleven of the of the twelve members of this group inhabit the
forests of west, central and east Africa. The exception Glossina longipennis, occurs in the
arid rangelands of east Africa, feeding on elephant and rhino. Fusca group tsetse rarely come
into contact with people or livestock, and are generally considered to be of relatively minor
economic importance.
R iv e r in e t s e t s e - palpalis group: The five species belonging to this group are found mainly in
the forest and riparian vegetation of west and central Africa, extending along rivers, streams
and lake shores into semi-arid woodland savannahs.

The group include three widespread

species of economic importance: G. fuscipes, G. palpalis and G. tachinoides.
S av a n n a h t s e t s e - morsitans group: The five members of this group inhabit the woodland
savannahs of west, east and southern Africa surrounding the equatorial forests of central
Africa. The group includes four widespread species of economic importance: G. austeni, G.
longipalpis, G. m orsitans and G. pallidipes.

1 .1 .2 S p e c ie s o f A frica n tr y p a n a so m e s
The tsetse fiy feeds only on blood, and in the act of piercing the skin and drawing blood, the fly
passes on to the host the pathogenic blood parasites [Trypanasoma) to previously uninfected
animals or humans, causing the disease trypanosomiasis, sometimes called ‘Nagana’ in cattle or
‘sleeping sickness’ in humans. Once these trypanosomes are transmitted to mammals in saliva
deposited by biting flies {Glossina spp.), they undergo a cyclic development before the parasite
can be transmitted to another host via the tsetse bite [73].
There several species of African trypanosomes and among these, the human-infective strains.
Trypanosoma brucei gambiense in West Africa and T. b. rhodesiense in East Africa which
are notable because they cause fatal sleeping sickness in people [13, 74, 75], while the domes
tic animal trypanosomiasis, ‘Nagana’ involves mostly four trypanosomes: Trypanosoma brucei
brucei^ T. congolense, T. vivax and T. evansi [13, 74, 75]. The trypanasomes T. vivax and T.
congolense and, to a much lesser extent, T. b. brucei are notable because they cause ‘Nagana’,
a wasting and generally fatal disease in cattle [13, 74, 75], and none of which rarely infects
humans [74].
The successful transmission of the T. brucei complex parasite involves two developmental stages
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in the tsetse host; first, differentiation of the integrated mammalian form parasites to insectstage pro cyclic cells in midgut and proventriculus tissues; and second, the invasion and mat
uration of these to metacyclic forms in salivary glands [73], This development cycle requires
20-30 days before the parasite can be transmitted to another host via the tsetse bite. The T.
congolense and T. vivax trypanosomes complete their differentiation in the gut, hypopharynx
and proboscis tissue of the fly [73],
The trypanosomes are flagellated protozoa that inhabit the extracellular compartment of host
blood, in the face of the immune system which they flout by switching among distinct antigenic
types [13], The spindle-shaped parasites are about 20 fim long and about 2 ^m in diameter
at their widest point, have a single flagellum and are motile [13], The animal trypanosomes
live in the blood and lack intracellular stages, so the parasite is a target for antibody-mediated
destruction. The parasites antigenic behaviour makes it difficult to develop a vaccine against
the disease [75].
The successful survival of protozoan pathogens such as Trypanosoma depends mainly on evading
the host immune system by, for example, penetrating and multiplying within cells, varying their
surface antigens, eliminating their protein coat, and modulating the host immune response.
However, one of the most sophisticated mechanism of evasion is the selective activation of a
subset of T helper cells [75].
The Nagana causing parasites also occupy the blood plasma and occasionally lymph and interstadial fluids. In addition to circulating in the blood, T. congolense adheres to blood vessel
walls. Indeed the majority of T. congolense in an affected animal are in association with the
walls of small blood vessels. The presence of T. brucei^ T. congolense and T. vivax in lymph
and interstitial fluids in addition to blood plasma indicates a capacity to cross blood vessel, or
micro blood vessel walls [76, 77].
The animal trypanosomiasis can be fatal if left untreated. Very large areas of SSA are without
cattle because of the presence of the tsetse fly and its trypanosomes. This menace to a large
extent affects mainly the poor rural populations who have little access to medical facilities and
veterinary care for their animals. The orderly economic development of these areas is greatly
hampered and prevented [5, 15, 78, 79].

1.2 Tsetse fly behaviour
1.2.1 F lig h t an d d isp e rsio n
Tsetse are only active approximately 30 min a day, typically during early morning and late
afternoon, for the rest of the time tsetse rest on tree branches and boles, or in refuge such
as tree rot holes in the dry season when temperature exceed 32°C [80]. A single fly spends
about 15-30 minutes of each day in active flight. A single flight lasts about 1.5-2.5 minutes
followed by a period of inactivity lasting on average 86 seconds [78, 81]. Speed of the flight
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Figure 1.1: The distribution of the genus Glossina in sub-Saharan Africa [72].

may be 3-6 m /sec (11-24 krn/hr), but is much slower im m ediately after a blood-m eal or as the
fiy becom es hungrier. Once it has fed and due to its heavy load of blood, it makes short flights
with interm ittent stops to its resting places [71, 78, 79].
The energetics of flight are less efficient at high wind speeds (above 3 m /s) which reduces
spontaneous take-off and lowers the number of tsetse flies that respond to ox odour, and in
particular G. morsitans m orsitans [82, 83]. The rate of tsetse dispersal and distance covered
is dependent on the physical and environmental conditions prevailing. Studies indicate that
tsetse flies spread out into the more open vegetation when it is cool and wet [81]. Dispersal
into open country during and after the rains is at least 3.5 km from riverine thickets with G.
longipennis covering greater distances than G. pallidipes, with the spread of the sexes being
almost the same [84].
Bursell [85] observed that tsetse dispersal tend to occur at the rate of approxim ately 70 metres
per week (m /w eek) with males showing a high initial rate of dispersal of approxim ately 200
rn/week that subsequently drops to 70 m /week. T setse flies have low rates of dispersal with
relatively high daily flight distances. A fly traveling along a straight line at roughly 3 krn/hr
for a period of 10 minutes would move a distance of alm ost 600-700 metres. T he sub-species
G. palpalis palpalis can travel as far as 1000 in/d ay and even 2000 m /d ay at times [78].
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Figure 1.2: Glossina, dorsal view, with wings folded [69].

In uniform habitats, fly movement is essentially random with G. m. m orsitans dispersing or
advancing into new areas at a rate of 200 m /week [78]. T he discrepancy in tsetse movements of
low rates of dispersal despite covering long distances is because tsetse dispersal involves random
movement with bias towards food source [85]. A fly with a flight tim e limited to 15-30 m in/day
and flight speed of 5 rn/sec will cover a total distance of 4.5-9.0 krn per day. In a random walk
model assuming that such a fiy moves with a step length of 50 m, then a total flight of 4.5 km
will give it a root-mean square displacement of 167 m /d ay [81].
In mark-release-recapture (MRR) experiments, G. p. palpalis were recaptured 12 km from their
point of release, and a substantial number of G. pallidipes were recaptured at 2250 metres,
with dispersal of some savannah tsetse species such as G. m. centralis being facilitated by the
movement of cattle [86]. Taking an average daily displacement of 252 metres, ‘teneral’ flies tend
to move more rapidly than non-teneral flies. A ^teneraP fly is that which has emerged from
the puparium and has not taken its first bloodmeal. Once it takes its first bloodmeal then it
becomes a Gwn-teneral' fly [79].
It has been observed by Rogers [87] that the reduction of host anim als may increase the rate of
fly movement; conversely, Challier [86] observed that a large game population will tend to keep
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Figure 1.3: Glossina, dorsal view, with wings spread out

dies replete and dy movement will he reduced. Results from deld trials have shown that there
is some dight activity nearly every hour in all seasons but they differed in the level of contact
between grazing cattle herds and species like G. m. suhmorsitans [88].
T he amount of fat content in a dy is crucial in providing the energy required to sustain tsetse in
dight, and also as a source of vital nutrients needed by the dy’s bodily processes before the next
bloodmeal is available. Notable differences exist between species and sexes. For the species G.
palpalis, the number and tim ing of dights and the amount of fat used, differs markedly between
the sexes. Male tsetse increases their dight activity according to the fat they have available,
thereby using up these reserves and almost always reducing the amount of fat to a uniformly
low level [89]. Females, on the other hand, perform many fewer dights and use only a small,
fairly uniform, fraction of their fat reserves [90].
Laboratory observations, that male tsetse are more active and thereby use up much more
of the energy reserves available from each blood meal than do females, are well supported
by deld observations [90, 91].

Vale [92] disputed the suggestion that mating behaviour in

males overwhelmingly predominates during the early part of the feeding cycle, before feeding
behaviour becomes important. One of the few estim ates of the rate of fat usage by tsetse is
0.01075 m g /h /d y at rest and 1.1470 m g /h /d y during dight for G. m orsitans males [93, 94].
Trials in Gambia on cattle-tsetse contact conducted by Rawlings et al. [88] found that some
aspect of tsetse’s behaviour that affects its trappability to be correlated with the nutritional
condition of the dy, but they did not identify critical element of the response, whether it is the
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Figure 1.4: Glossina, side view, with wings folded

tim ing of the onset of activity, the approach to the trap, or the entry into the trap.

1.2.2 H a b ita ts
The African species and subspecies of the tsetse vectors are adapted to forest {G. fusca group),
forest and riverine {G. palpalis group) and savanna {G. m orsitans group) vegetation types
and each species has unique habitat requirements [74].

Bourn it et al.

[16] noted that the

cum ulative anthropogenic changes such as land clearance and hunting have greatly reduced the
extent of natural habitats and abundance of wildlife hosts of tsetse over much of SSA, and that
the epizootiological balance has moved progressively away from being wildlife oriented cycle
of transmission towards one increasingly dominated by dom estic livestock. Also, as the area
of tsetse habitat decreases and becomes patchier, the severity of the trypanosom iasis problem
dim inishes and the prospects for its control increases [16].
T setse hies use one habitat for feeding and another for breeding whereby, the woodland is used
for breeding and home of the Hy whereas the open ground is used for feeding purposes [81, 85].
T setse Hies live in wooded habitats with sufficient vegetation cover for protection from sunlight
and as areas of refuge [68, 71, 72, 86]. Studies indicate that tsetse Hies to cool, thick vegetation
when it is hot and dry and spread out into the more open vegetation when it is cool and wet
[81].
A Hy spends most of its day resting until the next meal time, with resting places varying
according to time of day or night, clim ate and season, species of Glossina, vegetation and
resting place of the host animal. In the hottest tim e of the day, it perches itself on tree trunks
and the underside of fallen logs. In cooler times it rests on tree trunks. At night it can perch
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itself in the canopy of trees, on the leaves or twigs. Woody living parts of the vegetation are
often chosen for day time resting. Under average conditions, most tsetse activity is in the early
to mid-morning and late in the afternoon [71, 72, 78, 95].
There is an important linkage between different vegetational communities to different species
of tsetse and of seasonal fluctuations in different vegetational zones [71, 72, 79]. During dry
seasons, tsetse flies are predominantly found in riverine thickets with dispersal to open country
(savannah) occurring during and after the rains. The spread of males and females are very
similar with humidity and fly density rather than vegetation being the primary factor affecting
seasonal spread [84].
Field experiments show that high temperatures slows down tsetse dispersal, with tsetse catches
increasing with temperature when the maximum temperature is below 34°C and decreasing
with temperature when it is above 34° C [96]. Experience suggests that tsetse are most unlikely
to advance into areas where wildlife hosts and natural habitats have been removed. Where
wildlife hosts and suitable habitats remain, however, tsetse are likely to survive indefinitely,
unless measures are taken against them [16].
Rogers [74] has pointed out that in the recent past, tsetse modellers have come to appreciate
the importance of integrating types of tsetse habitats in their models, especially when it is
realized that it is difficult to justify whether a model for tsetse population developed for one
place can apply to another, which has the same species but a different habitat and probably,
therefore different set of natural enemies of tsetse. Randolph [97] noted that the demands to
combine statistical and biological descriptions of disease processes through space and time has
made it imperative for researchers to explore new habitat description techniques that measures
important driving climatic variables for process-based models and the predictive approach.

1.2 .3 D e te c tio n o f h o st a n im a l
Tsetse flies are able to find their hosts very easily once they start to search [98], they use a
very sophisticated host-detection systems using a combination of visual and olfactory cues to
locate host animals [82, 83, 98, 99]. The first stage in the host-location process for any species
of tsetse must be activation, which may be brought on by endogenous factors and the onset of
hunger or by exposure to external stimuli, such as those emanating from the host [82, 83].
On the average, flies can detect a host animal by its sense of smell from 100-137 metres away
[81, 86, 91]. Its antennae (Figure 1.3) contain sensory hairs (Figure 1.2) that detect host odours
in the air [79]. Usually large herbivores such as cattle {Bos) and buffalo {Syncerus caffer) are
more attractive than smaller ones such as kudu {Tragelaphus strepsiceros), the suidae warthog
[Phacocherus aethiopicus) or bushpig {Potamochocrus kairopotomus) and many others [100,
101, 102, 103], with darker ones preferred more to white or brown coloured animals. Torr [105]
noted that, despite the warthog being a small animal, its popularity as a target host for feeding
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by tsetse flies is comparable to the large herbivores because it remains fairly quiet as it is being
fed on.
Several animals together are more attractive than single animals. When it smells a host (usually
the host’s urine), the fly moves up-wind bringing it closer to the host animal. The fly then
is able to see the host from at least 50 metres or more.

Selection of a host for feeding is

dependent on: (a) host occupying the same habitat as the tsetse flies; (b) the smell and sight
of host is attractive to tsetse; and (c) the host remains fairly quiet and still when fed upon
by tsetse [88]. Certain common animals like wildebeeste {Catoblepas gnu) and zebras [Equus
burchelli) in tsetse infested areas are not fed upon by tsetse (no one knows why) [79]. However,
in a field study done by Gibson [103] in Zimbabwe of G. pallidipes Austen and G. morsitans
m orsitans Westwood showed that the stripped pattern of zebras protect them from being bitten
by blood-sucking flies. In addition the results suggest that the orientation of the stripes may
be crucially important for the unattractiveness of zebras. Using stationary targets to emulate
zebras revealed that a difference between grey and vertical stripes was found only in their
attractiveness in relation to other targets.
The horizontally-stripped target, however, always caught the fewest flies, regardless of whether
it was presented alone or alongside another target. Of all targets, the striped model (’zebra’)
attracted the fewest flies [103]. Gibson’s [103] results were not conclusive, however, because
when artificial host-odour was present, the significant effects were lost. Zebras may also benefit
from the direct effect of stripes on tsetse landing behaviour, tsetse flies are known to be sensitive
to the shape and orientation of objects and to patterns on them.
In the field, G. pallidipes and G. m orsitans are attracted to and land on horizontally oriented
objects in preference to vertical ones [104]. Zebra appear to have acquired a stripped coloration
that includes features found to be most unattractive to tsetse flies. Thus, it appears that zebras
may have evolved a protective coloration which exploits a limitation in the tsetse visual system
to their advantage [103].
For G. m orsitans grp., which is the major vector of animal trypanosomiasis, its main hosts are
the buffalo, cattle, kudu, warthog and man in order of importance. It is only the very hungry
flies that will land on man, otherwise man is not a very good attractant due to the presence of
lactic acid on human skin, also human odour repels tsetse [106]. M an’s presence in the trapping
system reduced catches of G. pallidipes and G. m. morsitans significantly, but this effect was
small in the youngest and oldest flies [107].
Many flies, especially non-hungry males are attracted to hosts even though they are not going
to feed. A characteristic of a tsetse fly swarm following a host is the very high proportion of
males, many of which are not hungry as such but which join to mate with young virgin teneral
females attracted to their first bloodmeal [69, 72, 84]. Different fly species respond differently
to different stimuli, G. pallidipes are strongly activated by olfactory stimuli but unaffected by a
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moving visual stimulus hence it is easily collected at stationary baits, whereas G. m. morsitans
are strongly attracted by visual stimulus, but only weakly attracted to stationary baits [82].
Tsetse flies detect potential host through a combination of olfactory and visual cues. Tsetse flies
locate potential hosts beyond their visual range (60-120 m) through odour-mediated anemotaxis, and locate hosts they cannot see in thick bush by flying up the plumes of host odour with
visual cues becoming important at close range («10 m) [31, 108]. Oxen naturally produces
approximately 0.01 m g/h of octenol, however, the most important attractants for practical
purposes are acetone, butanone, l-octen-3-ol and various phenols [109]. Other attractive com
ponents that have been identified in ox breadth include carbon dioxide, acetone, l-octen-3-ol
and butanone [110, 111, 112].
Why does bovine urine attracts tsetse flies? When animals urinate, bacteria converts chemicals
in urine of many grazing animals to phenolic compounds that attract some species of tsetse
flies [113, 114]. In parallel with the work in Zimbabwe in the 1980s, Owaga [115, 116, 117] in
Kenya made the fortuitous discovery that tsetse flies are attracted to buffalo urine after it has
aged for a few days. We now know that bacteria convert chemicals in the urine of many grazing
animals to phenolic compounds that attract some species of tsetse, as well as many horse flies
[113, 114].
Biting Diptera such as tsetse flies must locate a distant source of food source that is mobile,
frequently difficult to find and which has evolved defences against insect attack. Thus, a range
of mechanisms for locating hosts has evolved in response to biotic and abiotic constraints [83,
100]. The hosts of many biting Diptera are active during the early and late hours of the day,
and quiescent at night. Species that depend solely on blood must locate a bloodmeal to survive,
while other species can survive for longer periods without a bloodmeal, although reproduction
is obviously reduced if hosts are not located frequently enough.
Gibson and Torr [100] observed that the effect of wind speed is vital because variation in
wind speed affects the structure of odour plumes and hence the strength of an olfactory signal.
Flying insects probably detect and respond to changes in the frequency of odour ‘packets’ and
the relative concentration of the odour within these ‘packets’ more readily than to changes in
the mean concentration of odour in the plume generally. The extent of atmospheric mixing is
dependent on wind speed and temperature.
In more constant conditions, odour plumes are longer and narrower, so flying crosswind max
imizes the probability of encountering odour plumes. Long range olfactory responses involve
upwind flight, and orthokinetic and klinokinetic responses to entering and losing odour, such
as changes in flight speed, turning angle and angular velocity. On losing contact with odour,
tsetse execute a reverse turn, which usually brings them back into the odour and on reentering
the odour they turn upwind [118, 119] navigating up the plume at a mean speed of « 4 m s~^
[120 ].
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The host finding sequence ceases with the insect alighting on the host. The total daily fiight
time of tsetse flies is roughly 30 min, for the remainder of the day, they rest on branches and
boles [80]. Vale [92] demonstrated that tsetse were attracted to mobile visual baits, and that
this response was greater for ‘hungry’ tsetse.

Thus, there is clear evidence that tsetse are

activated by the visual stimulus of a host passing by. He showed that «90% of tsetse attracted
to a stationary host were so in response to the host’s odour. The number of tsetse attracted to
a host were positively correlated with the host’s body-mass.
Laboratory experiments by Warnes [121] and Packer and Warnes [122] have shown that the
presence of ox sebum (secretions from the sebaceous and endocrine glands) applied to a black
visual target affected the behaviour of male Glossina m orsitans m orsitans Westwood and G.
pallidipes Austen at that target: after contact with sebum, individual files showed an increase in
fiight activity, with a greater tendency to return to the target. The addition of sebum increased
the total time a fiy was in contact with the target, as well as the time spent flying around and
landing on it [122].
When carbon dioxide was released as part of the attractant odour plume, the presence of sebum
on the target increased the number of landings made by each fly, but did not significantly affect
the duration of each contact.

In addition, the presence of sebum on the target increased

the percentage of landed flies which walked on its surface; such behaviour may represent an
’inspection’ of the artificial host [122]. The effect of sebum on fiy landing behaviour is clear,
although it is/w as largely dependent on whether or not carbon dioxide was present in the
attractant odour.
When carbon dioxide was absent, sebum had no effect on number of landings, although the
duration of each contact increased. Sebum also increased the tendency of flies to walk over
the surface of the target. If prolonging the contact time between an individual tsetse and an
insecticide-impregnated target results in a greater uptake of insecticide, then the use of sebum
on targets could have significant economic consequences for this method of control [122]. Warnes
[121] showed that skin secretion (sebum) of hosts collected in methanol is effective in attracting
tsetse flies even in the absence of other odours.
In field trials to study the effect of host odour concentration on catches of tsetse flies, Hargrove
and Vale [123] and later supported by Snow [124] on similar studies on tsetse and mosquitoes
observed that the maximum range of a positive response by mosquitoes or tsetse to stationary
cattle baits may be expressed as 0.31 x host weight(kg)®-^®. Thus, a cattle mass of 11,500 kg0 dour-sour ce which is equivalent to a herd of 40, 300 kg cattle, could be detected at a range of
1 km. Large aggregations of hosts such as villages or animal/herds present very diffuse odour
sources which reduces their range of attraction [124].
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1 .2 .4 F eed in g
Active phase of the tsetse fly when feeding takes place is diurnal and in particular the cooler
hours of the afternoon. This diurnal rhythm of activity has been verified from trap catches
of G. pallidipes at Nguruman area in Kenya, where trap catches of this species increased from
13.00 hours and peaked at 17.00 hours with females showing an earlier and more gradual rise
than males followed by a slightly earlier decline at the very end of the afternoon [125, 126].
When on a suitable host it favours the belly and lower parts of the legs. It pierces the animal’s
skin using its proboscis (Figure 1.4) which is located on the lower side of its head for easier
penetration. An exchange of fluids takes place at the cutaneous bite site whereby the fly injects
saliva into the host to facilitate blood meal intake, it is during this exchange that trypanosome
parasites are passed on to the animal by the fly. Between meal times is about 4 days (2-3 days
in dry conditions and 3-5 days in wet conditions). On the average a feeding adult takes about
10 minutes to be fully engorged if undisturbed [69, 71, 72].
Tsetse flies will die of starvation in 6 days if they do not succeed in finding a host and feed on.
Hence, they have an optimal feeding strategy where they start to search for a meal 3-4 days
after their previous meal which then gives them a mean feeding interval of 3.5-4.5 days [98]. If
disturbed while feeding and not threatened, they hover around the host and continue to feed
in shorter durations until they are fully engorged before flying off with frequent stops to their
resting places. The fly that emerges from the pupa is a hungry fly, its main problem is where
to get its first meal.
However, feeding by tsetse on a host is a risky business because it exposes them to increased
susceptibility to predation by birds, dragon flies and other predators whenever they take a
blood meal. Heavily engorged flies are slow in motion because of their heavy load, are very
conspicuous and highly nutritious to predators [98]. Feeding tsetse flies irritate their hosts,
eliciting grooming movements and hits with lashing tails that result in reduced feeding success
at higher fly densities or even death [98].
Field trials conducted by Baylis [127] to evaluate defensive behaviour of cattle under tsetse chal
lenge observed that the most frequent defensive movements were skin ripples and tail swishes,
while leg kicks were of intermediate frequency, and head and ear movements were infrequent.
Host defensive behaviour may lead to density-dependent feeding success in blood-sucking in
sects, that is, an inverse relationship between the number of insects attracted to a host and the
feeding success of the insects attracted to a host and the feeding success of the insects, which
in turn may contribute to density-dependent mortality of the insects, or lead to host switching.
When tsetse fly approaches a host, the probability that it will take a bloodmeal will be deter
mined by many factors. Among these, two of the most important are its own hungriness and
the opportunity presented by the level of defensive behaviour of the host. A third factor that
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might affect the probability of a tsetse obtaining a bloodmeal is the number of other tsetse (or
blood sucking insects) also attempting to feed. It appears that cattle respond most strongly to
attack by G. pallidipes with skin ripples, yet these movements do not affect the feeding success
of the dies [127].
Randolph [98] observed from data that when G. pallidipes approach a stationary host, the
proportion of flies that feed is 0.35-0.38 on first attem pt but only 87% of approaching flies
attem pt to probe (i.e. are in the feeding mode). Thus the actual success rate of each feeding
attem pt is 0.40-0.44 (i.e.

— § ^ ) , say 0.42, and therefore the chance of not feeding is 0.58

per attempt. If a flies make, for example, four attem pts per day, the chance that they will have
fed is (1-0.58'^) or 0.89. It is this near certainty of obtaining a meal once they have found a
host, coupled with sophisticated system of locating a hosts, which allows flies to delay feeding
for as long as possible after their previous meal.
In field trials at Galana Ranch, south-west Kenya to ascertain the attractiveness of trypanasome
infected cattle to successful feeding by tsetse, Baylis and Nambiro [128] observed that there was
no difference in the attractiveness of infected and uninfected cattle to G. pallidipes. However,
the feeding success of G. pallidipes on infected cattle was 75% greater than on uninfected cattle.
This suggests that certain unknown effects of T. congolense on cattle behaviour or physiology
act to increase the probability of transmission of the parasite by increasing the feeding success
of the vector.
These results were later verified in field studies by Baylis and Mbwabi [129] who observed that
tsetse flies (Diptera: Glossinidae) feed more successfully on cattle infected with T. congolense
Broden than on cattle infected with T. vivax Ziemann or uninfected cattle. Similar to the find
ings in [129], Moloo et al. [130] presented further evidence, obtained from controlled laboratory
experiments, suggesting that tsetse feed more successfully on T. congolense-inkcted oxen than
on uninfected oxen, over the flrst minute. Prior to ox infection the feeding success of tsetse
after 1 min did not differ significantly among the oxen. After steers had been infected with
T. congolense the feeding success of the tsetse on the infected animals was significantly greater
than on the controls.
A model of blood-feeding by tsetse flies, G. pallidipes by Baylis and Mbwabi [131] supports a
scenario in which the rate of blood consumption decreases as packed cell volume (PCV) in
creases, because of increase in blood viscosity, and tsetse are unable to compensate for the
decrease in consumption rate by feeding for a longer time. The PCV is a measure of anemia in
trypanosome-infected cattle, and anemia is the major symptom of African animal trypanoso
miasis [132].
Tsetse models have shown that the feeding interval of tsetse flies {Glossina spp.) is one of
the most important parameters in the epidemiology of African trypanosomiasis [133, 134]. Fat
and haematin content in fed tsetse population are inversely related, and they are an important
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indicator of the fly nutritional status [93]. Flies with lower fat contents were more likely to
feed than those with higher fat content [135].

Baylis and Nambiro [135] argue that many

of the higher-fat content flies which approach traps but do not enter would feed if given the
opportunity to do so, and therefore trap catches do not fully represent the sub-population of
fleld flies which seek bloodmeals. But on the average, trap catches is representative of the whole
tsetse population being sampled [126].
In studies on the interaction between cattle and biting flies, Torr and Mangwiro [136] observed
that the mean feeding rates for male and female G. pallidipes attracted to oxen were 60%
and 58% respectively, compared to 33% and 53% for male and female G. m. morsitans. The
feeding rate of G. pallidipes varied between oxen and was inversely correlated with a host’s
rate of defensive leg movements that seems to be influenced more by the presence of Stomoxys
(Diptera: Muscidae). Tsetse were significantly less successful in feeding from young cattle,
where on calves (less than 6 months old) feeding rate for G. pallidipes was 11% whereas for
male and female G. m. m orsitans the rates were 12% and 20% respectively [136].
Young cattle are not only less tolerant of being bitten but that they also attract fewer tsetse
because tsetse flies that are attracted to a herd composed of young frisky juveniles and larger
calmer adults will select the larger adults as they are more tolerant to tsetse bites [136]. Thus,
the probability of a calf or an adult being bitten suggest that the risk of contracting tsetseborne trypanosomiasis may be less for calves than adults [136]. Torr et al. [137] further observed
that when pair of animals comprised an adult and a calf, 100% of meals were from the adult.
For some pairs of adult cattle, tsetse were biased significantly towards feeding on one animal,
whereas for other pairs there was no such bias. In general, feeding w£is greater on the animal
known to have a lower rate of host defensive behaviour [137].
For male G. pallidipes, the mean bloodmeal size is 37 mg, and flies feed to completion off a single
animal [138]. Nevertheless, knowledge of the source of an insects bloodmeal provides important
information relating to the epidemiology of vector-borne diseases. Dye [139] reported that one
of the most important parameters controlling the epidemiology of insect-borne diseases such as
malaria or trypanosomiasis is the vector’s biting rate, and whereby the vectorial capacity of an
insect changes as the square of the biting rate.
Using data from tsetse population in Rekomitjie in Zimbabwe, Torr and Mangwiro [136] noted
that if the prevalence of trypanosome infections in tsetse population was 5% and that the trans
mission efficiency is 0.29 [134] then the probability of a tsetse bite resulting in trypanosomiasis
is ^ x O .29—0.0145. Therefore, the probability of not being infected is 0.986 and the probability
of an animal not being infected after n bites is 0.986” [136]. The importance of tsetse biting
rate is further underlined by the fact that it appears as one of the parameters in the ^basic
reproduction number\
model [133].

of the disease [14, 134, 140] or is just a parameter in the disease
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In fact, Smith and Rennison [141] defined ^trypanosome challenge’ as the number of ‘infective
bites’ from tsetse which a host receives in a unit of time. In studies to quantify the risk of
trypanosomiasis infection to cattle in south Kenya coast, Snow and Tarimo [142] estimated
that each cow received from G. pallidipes one infective inoculum of T. congolense every 5.8
days during the first experiment and 5.0 days in the second. For T. vivax results were 3.2 and
79.1 days respectively.
The physiological, behavioural and ecological factors aflFecting the interaction of tsetse (Diptera:
Glossinidae) and cattle are important in the epidemiology of cattle trypanosomiasis [133, 134].
Clearly, an important aspect of the likelihood of an ox contracting trypanosomiasis is the rate
at which it is fed on by trypanosome-infected flies [136, 138]. Thus, the biting rate has been
identified as one of the most important parameters in the epidemiology of trypanosomiasis [133,
134].
Trials conducted by Torr et al. [138] to investigate the landing and feeding responses of G.
pallidipes on an ox showed that of the tsetse approaching an ox, «70% fed. Increasing densities
of tsetse increased the grooming responses of the ox, but had no significant effect on the per
centage of tsetse that engorged. The landing site of tsetse on the ox varied with density, with
«50% landing on the legs at low densities (less than 20 files per ox), compared to «80% at
densities more than 40 flies per ox. In some situations, some tsetse species will attem pt to feed
at any cost, herd following data points to the fact that G. m. submorsitans are opportunist and
a passing herd is a meal that cannot be missed, even in the face of stressful climate conditions
(88 ).

Clearly, feeding pattern of tsetse are major determinant in the epidemiology of African try
panosomiasis [143]. The primary hosts of G. pallidipes were large herbivores and that other
feeds were taken only occasionally from casual hosts. Bushpigs and/ or warthogs are important
hosts of G. pallidipes. Other major hosts include elephant, buffalo and bushbuck where they are
present, and on dairy ranch nearly 30% of feeds were taken from cattle. Host abundance, their
attractiveness to tsetse and their tolerance of tsetse attack are major factors in their utilization
by tsetse populations [125, 143].
Attraction of tsetse to a host is aflFected by host body mass [92], landing is aflFected by host size
[106], feeding is affected by host defensive behaviour [105, 127, 144], and all three responses are
affected by the physiological status of the fly [92]. The feeding success of tsetse varies between
hosts, be it zebras [103] or impala [144] or warthog [105], and with the intensity of the host’s
behaviour being partly influenced by the density of tsetse [136].
Any factor, including host rarity or anti-feeding responses which reduces feeding frequency or
feeding success, could result in increased fly mortality or reduced fecundity. This implies each
host population will have a ‘carrying capacity’ which could act in such a way as to regulate
fly numbers. This is one reason why in the Kenyan coast, there is an apparent relationship
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between density of G. pallidipes populations and the abundance and diversity of wild herbivore
hosts. Certainly, the often secretive wildlife populations play an im portant role as maintenance
hosts for G. pallidipes in rural areas [143].

1.3 Tsetse life-cycle
1.3.1 M a tin g
Female teneral flies are mated young at about the tim e of taking their first blood meal, probably
near to or on the host animals during feeding. Females usually m ate only once in their lifetime,
but som e may mate more than once.

Males can mate several times.

Once they m ate, the

females store the male sperm in the spermathecae (Figure 1.5) where they remain active for
the rest of the female’s life [71, 72, 78, 95].

S p s r m a th e c a * !
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Duct? from spermathecae
............... ........O v id u c t

>

Duct from uterine
glands

U te r u s

R r la tv e
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of

la rv a m u te r u s

Figure 1.5: Reproductive organs of the female Glossina.

Note the pair of widely divergent

ovaries showing the developing eggs which each ovary contains; that on the right exhibits a
relatively large and partly ripe egg. The dotted line (schematic) indicates the position of the
larva in the uterus; with its anterior extrem ity lying near the duct leading from the uterine or
milk glands [72].

It is normal to find many flies, especially non-hungry males attracted to hosts even though
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they are not going to feed. A feature of a tsetse fiy swarm following a host is the very high
proportion of males, many of which are not hungry as such but which join to mate with young
virgin teneral females attracted to their first bloodmeal [69, 72, 84].

1 .3 .2 R e p r o d u c tio n
Unlike most other insects, tsetse do not lay eggs in the external environment [16]. Tsetse are
remarkable for their viviparity because larval development takes place entirely within the adult
female, which from the age of about three weeks onwards, give birth to a single fully grown
larva every 8-10 days [14, 16]. Each female tsetse produces one full-grown larva on or around
day 17 after emergence from the puparial stage, and a single larva is produced in the female fiy
at intervals of about 8-10 days (more or less according to temperature and species) throughout
her lifetime [72, 81, 95, 98].
When the egg in the ovariole has reached full size, it ovulates and moves to the uterus where
fertilization takes place immediately between the egg and the male sperms released from the
spermathecae (Figure 1.5). The fertilized egg remains lying in the uterus for about 4 days
while development of the instar larva takes place. For G. m orsitans grp. the egg is about
1.6 mm long, and after the egg has hatched, the larva passes through three stages (instars) of
development:
stage-1: lasts 1 day and is 1.8 mm long
stage-2: lasts 2 days and is 4.5 mm long
stage-3: lasts 2 days and is 6-7 mm long
Abortions can occur due to mother not getting sufficient food to nourish the instar inside her.
It helps in curtailing future births though its extent and advantages as a control measure is
not documented [5, 69]. After the third stage, the larva emerges from the mothers body fully
grown. On the average, the reproductive rate of G. pallidipes is higher than that of G. palpalis
which in turn is higher than that of G. morsitans [86].
Immediately after birth, the larva burrows into the soil and turns into a hard-shelled puparium,
from which an adult fiy emerges a month or so later. Subsequently, both male and female files
must obtain a blood meal from a host 2-3 days to survive [16].

1 .3 .3 L a r v ip o sitio n
Larviposition is the birth or deposition of the larva by the mother (Figure 1.6).
fiy produce a single larva at intervals of about

8-10 daysinher lifetime [72,

Female tsetse

81, 95, 98]. Soon

after birth, the larva burrows into the soil and turns into a hard-shelled puparium, from which
an adult fly emerges a month or so later [16]. The larvae are usually deposited in a place where
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Figure 1.6: Side view of larva of Glossina, A, in the uterus; B, mature larva after being dropped
by the female [69].

there is loose sandy soil sheltered by an overhanging rock, branch or twig. T he larva burrows
into the ground out of sight and within an hour or two hardens into a dark barrel shaped pupa
[69, 71, 72, 95].
T he pupa is contained and enclosed in the puparium. It does not feed externally but relies
on stored nutrients in its body. It lasts for 4-5 weeks according to surrounding temperature
(16-32^C). Higher temperatures (above 28^C) shorten pupal period, lower tem peratures (below
23^C) lengthen the pupal period to more than 50 days in some cases. Too high (above 32^^C)
or too low (below 16^^C) temperatures will cause the pupa to die [71, 72, 79, 95].
Once the fly is fully grown, it emerges as an adult fly. T he interval between larviposition and
emergence is about 31 days at 24^’C. The remarkably slow rate of offspring production by tsetse
has been described by simple equations involving only air tem perature by Glasgow [95] and
Hargrove [145]. Glasgow [95] showed that the rate of development depends on temperature (T),
and gave the following relationships, (i): the number of days from larviposition to emergence
of the imago (teneral fly) to be

o,32.3-hO 0 0 2 8 ( T - 2 4 ) ")

1 (“ )■

to produce her first larva to be ( o o66i-ko 0035 (T - 24 ) ) ’
i.e. the number of days between successive larvae to be

fim e taken in days for a female
(id): fde inter-larval period in days
flOM(7 '-l>4y) >

temperature

(T) is in degrees centigrades.
Hargrove [145] re-calculated the reproductive rates of G. rn. morsitans and G. pallidipes in the
field in Zimbabwe and found that at a mean screen temperature of 22^0, the flrst larva was
produced at 18 days and subsequent larvae at 11-day intervals; the intervals decreased with
temperature by about 0.5 days/^C. The proportion of females am ongst flies emerging from a
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collection of pupae is normally close to 50% and since females live longer than males [16], a field
population of flies will normally have more females than males [5, 71, 72, 146]. Hargrove [145]
observed that tsetse fly size is determined by the parent female at the time of larval development
in utero; environmentally and nutritionally stressed flies suffer a higher death rate, and also
produce smaller offspring about one month later.

1 .3 .4 F ecu n d ity , p o p u la tio n g r o w th an d m o r ta lity
The oviduct (Figure 1.5) which leads into the uterus is kept at 24°C in the case of G. palpalis
[72]. Once mated, a female tsetse fly can produce larvae for the rest of her life. Further to
what was noted by Glasgow [95] on the dependence of larviposition to temperature, Nash [72]
further noted that, at 25°C a female fly will produce a mature larva every 9-10 days on the
average, except for the flrst one which may take 18-21 days from the tim e of the emergence of
the fly from the puparium. The right temperature is very important since lower temperatures
(18-23°C) means lower rates, higher temperatures (26-28°C) means higher rates, whereas too
high temperatures (above 30°C) or too low temperatures (below 18°C) reproduction stops.
Laird (1977) observed that larval development takes about 8 days at 30°C and 25 days at 18°C.
Glasgow [95] used a method that he credited to Birch and estimated the intrinsic growth rate
of Glossina at 26°C and found it to be rm ~ 0.0067113 day~^ and found the mean length of a
generation to be T =
Tm is

SO

= 73 days. Taking the finite rate of increase to be e’’’", and since

small, he calculated the weekly value to be

= 1.0481. This means that one female

gives rise to 1.0481 females per week, or that from 1000 females there will be a weekly crop of
48.1

females. Thus if one needed for some experimental purposes 100 flies of one sex per week,

it would be necessary to have a colony of 2079 females.
From life-table studies based on Birch, Glasgow [95] obtained similar values as T =
1^.628438 ^ 77.68 days and Vm =

_

= 0.006278 day“ ^ where x is females days from

birth to laying of last larva, Ix is probability of a females tsetse surviving to any given age from
birth on day 0, and

is the probability of a female tsetse bearing a females larva at any given

age.
Hargrove [147] estimated that by setting a fecundity of females offspring at 0.07143/day, the
absolute maximum possible growth rate of a tsetse population is 0.03097/day. Williams et al.
[148] using life-table data observed that under uniform fecundity of 3.1%/day, tsetse population
growth rate is 2.9%/day. In fleld trials in Kenya, it has been observed that for tsetse population
at equilibrium (growth rate is zero), pupal mortality is 1%/day, adult m ortality is 2.8%/day
and fecundity is 0.475 [148]. Mulligan [149] estimated the absolute intrinsic rate of natural
increase for G. p. palpalis and found it to be 0.006118/day.
From fleld trials, Hargrove [147] computed the natural tsetse m ortality and found it to be at
2-3%/day, and at 2.5%/day for G. pallidipes [146]. An added death rate of 2% /day which can
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be brought about by use of odour baited traps will cause tsetse population to decline [147].
Dransfield et al. [146] observed that if average mortality rate due to trapping was 4-5%/day is
combined with natural mortality then adult population is reduced at 2.6%/day.
Hargrove [146] observed that if one can improve and sustain an added mortality of 4%/day on
any female tsetse population then it must go extinct, regardless of the strength of the densitydependent processes. Williams et al. [81] estimated that if a fiy lives for ever, it would produce
2 larva every 18 days which gives a maximum rate of increase of tsetse population of 3.9%/day
which reduces to 2%/day due to other factors. Hence, to eradicate the population then would
require an additional mortality rate of more than 2%/day. Estim ates from field studies have
shown that the lower bounds of total adult mortality (natural4-trapping) to be in the range of
7.5-10.5%/day [146].
Rogers and Randolph [150] and Roger et al.

[151] noted that, in contrast to birth rates,

death rates in tsetse appear to depend on both temperature and atmospheric moisture, and
there is also strong evidence for density dependence at both the puparial and adult stages.
The dependence of tsetse fiy fecundity on temperature and atmospheric moisture makes it
possible for Normalised Difference Vegetation Index (NDVI) data to be used to monitor tsetse
populations [145]. However, in West Africa, temperature variables are almost twice as frequently
selected as are NDVI variables because West Africa is 2-3°C warmer than East Africa, while in
East Africa NDVI variables are more important than the thermal variables [145].

1 .3 .5 A g e an d su r v iv o u rsh ip
On the average, tsetse may live upto six months, with females tending to live longer than males
[16]. Males in the G. morsitans grp. live on the average to about 30-35 days, and females for
about twice as long [69, 71, 72, 95, 152]. Mulligan [149] noted that the mean male age for G.
m. morsitans was 19-26 days and mean female age for G. pallidipes was 35 days hence, in any
sample of tsetse population there will be more females than males.
The same age composition is reflected in trap catches from field studies done in Kenya where
more females are caught than males, with proportion of females varying between 0.57 and 0.63
at first but increasing to 0.7 during rainy seasons [146]. However, in the same study, Dransfield
et al. [146] showed that for G. pallidipes, male flies with 6.5%/day trapping mortality is higher
than that of female flies with 4.0%/day at a trap density of 1-2 per km^.
Flies live for longer periods when it is cool (rather than hot), when it is humid (rather than
dry) and when there are many hosts available (rather than only a few). The sub-species G.
m. morsitans live for approximately 160 days in warm and rainy season, 110 days in cold and
dry season, and 50 days in hot and dry season [86]. Bigger male flies have a better chance of
survival than smaller ones as it reflects good nutritional condition of females by whom they
were deposited a month or more before capture, also high fat content of males improves their
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survivability as it reflects their success in host encounter and successful feeding [85, 152].

1 .3 .6 E ffects o f te m p e r a tu r e ch an ges
Temperature changes affects tsetse fecundity and infection rates of flies. The species Glossina
lives well at 25-26®C. Temperatures above SS^C and below 17^C are damaging to the adults. For
pupae, 32®C is the upper limit for normal development and 16^C is the lower limit. Temperature
also affects the rate at which the fly lives [69, 71, 72, 79, 95];
a), shorten the time from emergence to production of the first larva;
b). shorten the time from production of one larva to production of the next larva (inter-larval
period);
c). shorten the period spent as a pupa (pupal period);
d). shorten the life of the adult;
e). shorten the period the adult can last without a blood-meal.
Low temperatures have the opposite effect in each case [69]. Rogers and Randolph [153] observed
that climatic extremes and climatic variability affect tsetse populations whereby females exposed
to seasonal nutritional stress produce smaller pupae that give rise to smaller, less viable adults.
According to Rogers et al. [14], temperature is a factor that affect the infection rate of flies,
especially with T. brucei. Fly puparia incubated at higher temperatures produce flies which
are more easily infected than flies incubated at lower puparial temperatures.

1.4 Tsetse as vectors of disease
The level of contact between tsetse and livestock is a major factor in determining trypanoso
miasis incidence [8, 88]. The species Glossina feeds on cattle when available, and that is the
reason for its importance as a vector of trypanosomiasis [11, 69, 79]. For tsetse to become
infective, they have to feed on infected hosts having pathogenic trypanosomes in their blood.
These infected hosts form a reservoir for the tryaponosomes which continually infect ‘c/ean’
tsetse flies that feed on them. Glossina spp. is both a pest (due to its great numbers, behaviour
and feeding habits it is able to inflict substantial harm on man or his valued resources such as
health and livestock) and a vector (due to the vector-borne diseases it transmits to both man
and his cattle) [68, 69].
The most important tsetse species are G. morsitans, G. longipalpis and G. pallidipes (all morsitan group) which are the major vectors of pathogenic trypanosomes Trypanosoma vivax, T.
congolense and T. brucei that causes animal trypanosomiasis (Nagana) in cattle and T. rhodesiense that causes human trypanosomiasis (Rhodesian sleeping sickness) that mainly affects
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East and Central Africa. Other species found mainly in W est Africa such as G. palpalis, G.
fuscipes and G. tachirwides (all palpalis group) transmit T. gamhiense (Gambian sleeping sick
ness) [5, 69, 71, 72].
However, the four principal disease carrying species of tsetse are G. palpalis and G. tachirwides
in the palpalis group and, G. rrwrsitans and G. pallidipes in the m orsitans group. Both of the
above species are associated with the presence of game animals. I concentrate on the morsitans
group because they are widely spread in SSA and they cause the greatest damage to cattle and
other dom estic animals.

ptilinum

Figure 1.7: Pupal stage and emergence. A, pupa; B, young fiy emerging from the pupa, with
ptilinum inflated in front of head [69].

When the tsetse fly emerges from the pupa (Figure 1.7), it is always uninfected (clean) and
cannot transmit the trypanosomiasis diseases.

When a ‘c/ean’ tsetse fly takes up a blood

meal from a trypanosome-infected herbivore it becomes actively infected after the trypanosome
parasites have undergone all the cycle of development in the fly several days or weeks before the
infection is mature and the fly becomes infective to new hosts [71, 72]. Rogers et al. [14] noted
that younger flies are most easily infected with T. congolense than older flies, and this effect
is even more pronounced in the case of T. brucei, where flies are alm ost refractory to infection
after the very flrst blood meal unless they are much older or starved.
The incubation period of the parasite within the fly’s body for the fly to become actively infected
is about 20-30 days [73, 154]. After that the fly remains infective for the rest of its life and
can transm it the parasites to uninfected hosts when taking a meal of blood. In the mammalian
hosts, trypanosomes get into the tissues and blood system of the host by becom ing injected
along with the saliva of an infected tsetse fly as the fly takes its bloodmeal. The trypanosomes
multiply in the tissue and blood stream of the host making the host infected. When a tsetse
fly conies to feed on an infected host, some trypanosomes in the blood are taken up by the fly
as it feeds. In this way, the infection is passed on. Tables 1.1 and 1.2 gives a summary of some
basic facts on disease vectors and the major parasite species that they transm it together with
approximate infection rates in tsetse flies [69, 71, 79].
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T ab le 1.1: S o m e im p o r ta n t fa cts on th e p a r a site s, h o s ts an d d is e a s e v e c to r s

Parasite species:

Main hosts:

Disease vectors:

T. vivax (develops in proboscis,

cattle and other

G. morsitans, G. longipalpis

later transfers to salivary glands)

herbivores

and G. pallidipes

- very dangerous to cattle

(very efficient vectors)

T. congolense (develops in midgut

cattle and other

G. morsitans, G. longipalis

then proboscis later moves to

herbivores

and G. pallidipes
(very efficient vectors )

salivary glands) - very dangerous

T. brucei (develops in midgut,

wild and other

G. morsitans, G. longipalpis

then proboscis later moves to

domestic animals

and G. pallidipes

mammals and man

G. morsitans, G. swynertoni

salivary glands) - mild to cattle

T. rhodesiense (develops in midgut
then proboscis later moves to

and G. pallidipes (the last

salivary glands) - this species

species is a very efficient

is very harmful to man

vector)

T. gamhiense (develops in midgut,
then proboscis later moves to
salivary glands) - this species
is very harmful to man

man

G. palpalis, G. fuscipes
and G. tachinoides
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T ab le 1.2: I n fe c tio n r a te s in ts e ts e flies [69, 71, 79]. (Note: These can vary according to
the area, species of tsetse fly and to the species of trypanosome.)

Parasite species:

Incubation period:

Infection rates in
G.morsitans grp.:

T. vivax

10 days to be infective

Approximately 20% or more

T. congolense

12-14 days to be infective

Approximately 10% or more

T. brucei

20-30 days to be infective

less than 1%

T. rhodesiense

20-30 days to be infective

only affects human beings

T. gambiense

20-30 days to be infective

only affects human beings

The vector-parasite (tsetse-trypanosome) relationship involves cyclical transmission in which
the pathogenic parasites biologically develop and multiply within the vector and only get trans
mitted to a host during the vector feeding stage [69, 71, 72]. This mode of transmission clearly
has an interval (time-lag) between the time a vector picks up the pathogens during feeding and
the time when the pathogens have completed multiplication and/or biological development in
the vector and can be transmitted to a new host. This period, called the ^extrinsic incubation'
period is dependent on the pathogen strain, vector species and external temperature, and is
about 3-4 weeks (20-30 days) [68, 73].
A long extrinsic incubation period is therefore disadvantageous to the parasite because it reduces
the likelihood of the vector being alive at the end for it to transmit the disease. Essentially,
control measures sometimes need not eliminate the vector population to reduce the diseases
transmission, but can be effective in decreasing vector longevity, and if shorter than the ^ex
trinsic incubation' period then the development cycle of the trypanosome parasite cannot be
completed and hence trypanosome transmission will be prevented [68].

1.5 Control of animal trypanosomiasis
The control of animal trypanosomiasis similar to the human variant is possible if tsetse fly
population is targeted for eradication [155], which currently is not possible. In the last 20
years or so, emphasis has shifted more from eradication to control where the objective of tsetse
control for the prevention of animal trpanosomiasis is similar to the human trypanosomiasis,
and that is to reduce host/fly contact [27, 156, 157]. Despite past failures in suppressing tsetse
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population, for the time being, tsetse control remains the most effective option [27, 32, 157].
There are several options that are possible in the control of animal trypanosomiasis principally
categorized into three broad approaches; (i) disease management using drugs and/or vaccine;
(ii) use of trypanotolerant cattle; and (iii) vector (tsetse) control [22]. Tsetse control techniques
have involved use of: DDT spraying that employs sequential aerial technique (SAT); sterile
insect technique (SIT); pour-on formulations and baited trap techniques [10].
There are three bait systems that are currently in use today, the first is odour baited traps
which mimic the host so that once the fiy is attracted to it, the fiy enters the inner chambers
of the trap in such of suitable biting sites and in the process is unable to come out resulting in
eventual death through heat and exhaustion; the second is composed of fabric sheets treated
with insecticide which kills tsetse on contact; the third is insecticide treated cattle (pour-ons),
which one might conclude that insecticide-treated cattle provide a panacea for low cost tsetse
eradication [158, 159]. Both systems have the advantage of causing little direct damage to the
environment [158]. Unlike in humans where human disease management aims to treat infected
hosts by chemotherapy, control of animal diseases relies on reducing tsetse populations as well
as on drug therapy [160]. The approaches of controlling tsetse flies are applicable for control of
humans as well as animals diseases caused by related trypanosomes transmitted by the same
species of tsetse [27, 157, 160].

1.5.1 U s e o f ch em ica l sp ra y in g
Tsetse control techniques have involved use of DDT spraying that employs sequential aerial
technique (SAT). With the recent availability of synthetic pyrethroid insecticides, which are
highly effective against insect pests but have a low mammalian toxicity, it has become increas
ingly popular [10]. Allsop [10] outlined options for vector control against trypanosomiasis, and
noted that despite many negative facts and arguments against chemical spraying, there is still
room for that method of tsetse control because ground spraying and SAT, for instance, have no
long-term, irreversible effects on non-target organisms, and, as with DD T and malaria, their
use in appropriate situations should be based on rational and reasonable deliberation. Similar
views in support of a rational use of DDT for tsetse control are also expressed in [161].

1.5 .2 U s e o f tr y p a n o r e s is ta n t c a ttle
Trypanoresistance or trypanotolerance is associated with ability of the host to resist the devel
opment of anemia as measured by PCV, and control parasitaemia once infected. Accumulated
evidence indicates that these two parameters are reliable criteria for identifying trypanotolerant
cattle [162, 163]). The PCV is a measure of anemia in trypanosome-infected cattle, and anemia
is the major symptom of African animal trypanosomiasis [132].
In comparing different reservoirs of animal trypanosomiasis, Moloo et al. [164] observed that
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whilst the trypanosusceptible Boran cattle {Bos indicus L.) cannot be maintained in areas where
trypanosomiasis is endemic without drug therapy, the N ’dama {Bos indicus L.), a taurine cattle
breed indigenous to West Africa, is trypanoresistant and thus can survive and be productive in
tsetse infested areas [164]. The N ’dama in West Africa and Zebu in East and Central Africa
are the dominant native stocks that are currently reared. These animals have a natural ability
to survive in tsetse infested areas and they offer the best alternative to a viable control of tsetse
population other than by spraying. However, their productivity is very low compared to the
exotic breeds {Bos taurus) even in the absence of tsetse fly menace.
Naessens et al. [165] noted that there is now ample evidence that trypanotolerance in cattle
encompasses at least two mechanisms; one confers a better capacity to control parasitemia,
the other a better capacity to control anemia. Resistance to anemia in trypanosome infested
N ’Dama may involve lower macrophage activation and red cell modiflcation for phagocytosis,
or an enhanced haemopoietic response, or combination of both [165]. It is likely that such
a mechanism may also be advantageous in controlling other diseases that induce anemia. In
this regard, trypanotolerant Red Maasai sheep display a reduced level of anemia in response to
trypanosome infection than the more susceptible Merino sheep. They are also more resistant
to intestinal nematodes, that induce severe anemia in susceptible animals [165].
Attempts are being made to cross-breed the native stock with exotic breeds to have a line of
cattle that is both trypanotolerant and productive. A major drawback of such a breed is that
they are not useful as draught oxen [68]. In fleld trials, Mwangi et al.

[6] investigated the

susceptibility of three Bos indicus cattle breeds and found that under natural challenge, all
breeds encountered a similar number of infective bites but while the Galana Boran succumbed
to the majority of trypanosome strains, Maasai Zebu and Orma Boran were able to control the
parasite growth more effectively with the result that it took longer for the parasite population
to expand to detectable levels. From PCV measurements, the Maasai Zebu developed the least
anemia, the Orma Boran was intermediate, while the Galana Boran had the most severe.
Barret [22] noted that although trypanotolerance is a valuable trait, it is not per se a solution
to the general problem of trypanosomiasis in Africa, since trypanotolerant animals still suffer
loss of productivity due to chronic trypanosome infection and can succumb to the disease under
high challenge. Furthermore, trypanotolerant animals are only a small proportion of the total
cattle in Africa [22].
Currently, there are no vaccines against trypanosomiasis, Naessens et al. [165] indicated that
for the future, research in vaccine development should continue taking into consideration the
fact that the overall goal of the vaccine developers is to place traps that will ensnare, kill and
deconstruct a target pathogen in the host’s body. Antibodies in combination with complement
factors and macrophages kill trypanosomes and do so at physiologically relevant concentrations.
On vaccine development. Black et al. [77] noted that clearly, a vaccine that could induce a host
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protective antibody response would be highly desirable.
Bourn et al. [16] suggested that as the severity of trypanosomes increases the inputs required
for disease and vector control becomes greater. African trypanosomiasis is a persistent and
pervasive problem which is not confined by national boundaries. Because of low prospects for
its eradication, it can be argued that keeping of trypanotolerant breeds is a highly sustainable
and low cost disease control strategy. As the area of tsetse habitat decreases and becomes
patchier, the severity of the trypanosomiasis problem diminishes and the prospects for its control
increases.

1 .5 .3 U s e o f tr y p a n o c id a l dru gs
Geerts et al. [24] noted that trypanocidal drugs are probably the most commonly used veteri
nary products in sub-Saharan Africa (SSA). This is so inspite of the fact that the trypanocidal
drugs in use today were developed more than 30 years ago, yet Nagana kills between 45-50
million cattle annually in SSA [26]. Molyneux [25] pointed out that the drug problem is com
pounded by the fact that because the disease does not affect western/developed livestock, no
new drug has entered the market for 30 years. There is also an understandable trend for farmers
to restrict treatments to the more valuable animals in the herd, such as work oxen and milking
cows. There is evidence of trypanosome resistance to therapeutic drugs, and although drug
resistance has now been reported in at least 13 African countries, the reports have usually been
isolated cases, and there has been little attempt to undertake spatial or temporal assessments
of the scale of the problem [24].
Although drug resistance reduces the efficiency of trypanocides, there is significant evidence
from the field that, even where drug resistance has been clearly demonstrated, for example in
the Ghibe valley of Ethiopia, continuing use of trypanocides (to a limited extent and in com
bination with other control measures) might still provide beneficial effects to cattle. Although
immunosuppression is more pronounced in trypanosome-infected mice, it is also present in in
fected cattle. Another important aspect that influences the efficacy of trypanocides in the field
is the force of infection [24].
Where tsetse numbers are very high, drug resistance is much more likely to develop. However,
if in the same area, an animal is challenged with ten trypanosome strains there will be a
probability of 0.651 that the animal is challenged with at least one resistant strain, based on a
binominal distribution of p sensitive and q resistant [24]. There are other options being tried
by livestock keepers to reduce tsetse challenge, such as zero-grazing of dairy cattle in netted
enclosures, as practiced by some farmers on the Kenyan coast.
Hargrove et al. [159] noted that; (i) it is quite possible to keep cattle alive on drugs, even in
areas of high trypanosomiasis challenge; (ii) given the progressive decline in the efficacy of tsetse
control programmes in most tsetse infested areas in Africa, stock owners rely increasingly on

70

drugs - almost all of which they pay for themselves; (iii) trypanocidal drugs have no direct effect
on tsetse population. In the event of the development of drug resistance, the trypanosomiasis
problem will therefore return. In that event, and given the exigencies referred to above, other
control options such as bait methods appear to be almost the only remaining options for disease
control.
Rowlands et al. [28] noted that the control of trypanosomiasis of livestock in SSA has been
frustrated by the continued spread of resistance to trypanocidal drugs, with drug resistance
reported in at least 13 countries [24]. Hence, more than ever, there is a need for these disease
to be controlled by attacking its insect vectors, the tsetse fly {Glossina spp.) by more novel
methods such as using more efficient traps. Barret [22] noted that although drugs resistance
to the presently available drugs is a major problem in some countries. Given the small size
of the market, there is poor prospect of new drugs being developed. In any case, in many
African countries, governments lack the institutional capability to implement large-scale drug
programme.

1 .5 .4 U s e o f ‘p o u r -o n s’ an d in se c tic id e tr e a te d ta r g e ts
Baylis and Stevenson [7] noted that insecticidal pour-ons that are applied directly to cattle
have been promoted widely in the last decade as a new means of controlling tsetse flies in
Africa. Tsetse attracted to treated cattle get a lethal insecticide and die [7]. Using pour-ons or
dips offers numerous advantages over odour-baited traps and targets, such as cattle themselves
attract tsetse and therefore traps, targets and odour do not need to be purchased. However,
there are also important disadvantages in that the objective of tsetse control is to eliminate
contact between tsetse and cattle, yet contact is necessary if tsetse are to be controlled [7]. Also,
tsetse numbers may need to be monitored - using odour baited traps - to assess the efficacy of
the control programme, introducing many of the disadvantages of the original trap and target
control methods [7].
In the use of deltamethrin ‘pour-on’ insecticide for the control of cattle trypanosomiasis in the
presence of high tsetse invasion, Rowlands et al. [28] noted that despite the use of the pour-on,
the mean apparent density of G. m. submorsitans continued to rise, and, during the 4 years
of tsetse control, was more than three-fold higher than that recorded during the previous 18
months. By contrast, the mean monthly prevalence of trypanosome infections in cattle over 36
months of age decreased from 38.3 to 29.0%, the incidence of new infections decreased from
26.6 to 16.0% (a reduction of 40%), and packed cell volume (PCV) in cattle increased from 21.7
to 24.1%. The major increase in the apparent density of G. m. submorsitans recorded during
the period of tsetse control was not reflected in an increase in trypanosome prevalence in cattle.
Instead, trypanosome prevalence showed a slight decrease. There was also a reduction in the
numbers of treatments, and mean PCV of cattle increased.
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The deltamethrin pour-on may have a repellent effect and reduce the number of feeds taken by
tsetse from cattle. A lower transmission rate for G. m. submorsitans during the period of use
of deltamethrin may be due to a reduction in the numbers of biting flies. Feeding preferences
of tsetse may influence the calculations of apparent parasite transmission rate, especially where
tsetse are trapped in ares not regularly frequented by cattle. Bloodmeal analysis demonstrated
frequent feeding of G. pallidipes on man and monkeys (19%) in addition to cattle (75%) during
the years before the pour-on intervention [28].
Rowlands et al. [28] further noted that although unsuccessful in controlling tsetse at large, the
application of the pour-on insecticide nevertheless appeared to have resulted in a significant
improvement in the health of the cattle. The apparent failure of the ’pour-on’ to reduce tsetse
density, both in their study and that of Baylis and Stevenson [7], is unlikely to be related to
the pour-on formulation itself. In summary, Rowlands et al.

[28] study demonstrated that

consideration of the influence of factors such as topography, vegetation, tsetse invasion pres
sure, tsetse feeding habits, cattle density and distribution is important in determining optimal
methods for vector control. Integrated methods of tsetse control utilizing target barriers in the
major routes of invasion are needed in such cases to reduce the tsetse numbers to a level that
will achieve greater reduction in trypanosome prevalence in cattle than have been achieved by
the pour-on alone [28].
In justifying the use of pour-ons as a viable tsetse control method, Baylis and Stevenson [7]
noted that despite the advantages of traps as a simple easily assembled ‘gadget’ using locally
available resources, national governments have been slow to embrace traps as a means of tsetse
control. One reason is that the deployment and maintenance of traps and targets over large,
often inaccessible areas, the purchase of odour attractants and insecticides, and the scientif
ically rigorous approach (like mine) to the design of the control programme, require a level
of infrastructure and organization rarely available to the people whose animals are at risk of
disease.
Baylis and Stevenson [7] further noted that a knock-on effect of using pour-ons is that dipping
not only improves herd health via other changes and that improvements to herd health increase
the resistance of cattle to trypanosomiasis, it also helps to control tick population to a point
where pour-ons were in fact more effective at controlling ticks. The success of pour-on depends
on its ability to kill tsetse and not repel them, otherwise its effectiveness will be questioned
where farmers cannot guarantee a continuous supply. They further argue that the reduction in
trypanosomiasis incidence caused by pour-ons exceeds that expected from the impact (if there
is any) on the tsetse population and that certain other (as yet unknown) factors must also
be involved. They further state, it is clear that pour-ons are an effective means of controlling
trypanosomiasis in cattle in Africa, and their use should be encouraged.
However, the findings of Baylis and Stevenson [7] have been criticized by Bauer et al. [166]
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who argued that the experimental and control areas covering an area of 60 km^ in Galana
Ranch, Kenya were relatively small given that the ranch covers 6000 km^ of tsetse-infested
area. However, they concurred with [7] that target technology and live bait techniques can
effectively control tsetse populations. Torr [80] noted that tsetse are particularly sensitive to
insecticide, being, for example, more than 100 times more susceptible to deltamethrin than
the New World screwworm, and thus a fleeting contact with an insecticide-impregnated bait is
lethal. Maudlin et al. [167] observed that there has never been any record of tsetse developing
insecticidal or behavioural resistance despite some populations in Zimbabwe being subject to
9 years of continuous exposure to insecticidal targets with massive immigration into the area
and exposure to sublethal doses of insecticide.

1 .5 .5 U s e o f ste r ile in se c t te c h n iq u e (S IT )
In order to use Sterile Insect Technique (SIT), Lindquist [168] clarified the notion of different
aspects of insect control by noting that conventional insect control such as the use of pesticides
and insecticide is the usual approach to insect control, this is a defensive approach where
the commodities (crops or animals) are treated only after damaging population of insects has
developed. In other words, we react to insect attack. The objective of conventional insect
control is to protect the commodity and is localized to the needs of the individual producer
or farmer [168]. On the other hand, ^area-wide^ insect control is applied against an important
insect pest over a relatively large area involving many individual producers of the same or
similar crop or animal.
The ‘area’ is a combination of geography and a range of host of the target insect pest. The
term ‘area’ in '‘area-wide' refers to the area where the target insect population survives. The
area is not limited to production of the major crop(s) or animals to be protected. Thus, the
objective of area-wide control is to reduce the pest population within the target area to a
non-economic level. This is accomplished by attacking the entire insect pest population in the
target area [168]. Kabayo and Feldmann [169] pointed out that experience with tsetse flies
{Glossina spp.) has shown that protection of even small areas, e.g. ranches, stock farms and
settlement areas located within a major fly belt, by regular application of insecticides or by any
other method or combination of methods is uneconomical, especially with increasing costs of
labour and materials. The only viable approach, therefore, is to tackle large areas, preferably
covering the entire infestation or in sections which are isolated from each other, e.g. by natural
boundaries where no re-invasion is possible. This area-wide approach to tsetse control would
represent a major departure from current practice where control is confined within political
boundaries of individual countries [169].
Salem a [170] states that, the Sterile Insect Technique (SIT) as an ''area-wide' approach of
controlling insect pests is the most environment-friendly method of pest management. It has
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proven highly effective against several key insect pests in controlling or even eradicating them
across provincial, national, or regional boundaries.

Unlike pesticides, which generally have

a broad-spectrum lethal activity, the SIT is species-specific, that is, it affects exclusively the
reproduction of the target pest and not other useful insects. As a consequence, the SIT has no
impact on the food or environment, does not affect beneficial species, and is compatible with
most other types of control. Being area-wide in nature, the SIT benefits both large commercial
farmers and small subsistence farmers, and the population at large [170].
Despite reservations from some quarters and sometimes justifiable [25, 171], the use of SIT to
control tsetse in SSA has recently received a major boost following the adoption of SIT as a
method of eradicating tsetse in SSA [172, 173]. There are two major inter-governmental ini
tiatives that have been formed to combat the menace of tsetse fiies. First, the international
umbrella organization Programme Against African Trypanosomiasis (PAAT) which seeks to em
brace all those committed to the study, control and ultimate eradication of trypanosomiasis in
humans and domestic livestock. Second, the continent-wide PanAfrica Tsetse and Trypanoso
miasis Eradication Campaign (PATTEC) endorsed by Organization of African Unity (GAU)
heads of state, which has as its long term objectives the eradication of tsetse from Africa [18].
The primary method of eradication that is advocated is the sterile insect technique (SIT) which
has been technically proven as a tool for tsetse eradication following its success in Zanzibar [9,
23]. However Molyneux [37, 274] has cast doubts to its ability to achieve the same in continental
Africa.
According to Molyneux [25], this proposal is driven by the sterile insect technique (SIT) lobby,
who base their justification for continent-wide use of SIT on the successful eradication of G.
austeni in Zanzibar by use of SIT [9, 23]. Molyneux [25] points out that this drastic proposal
forgets to take into account that Zanzibar had only one species, it is a small island covering
1,700 km^ and isolated from mainland Africa, where 23 species of tsetse infests some 10.5 million
km^ embracing 36 countries [25]. The argument of Molyneux [25] against the use of SIT in
combating tsetse in SSA despite the success of SIT in other places such as Zanzibar [9, 23] is in
the costing of the whole project without any guarantees that tsetse fly will be finally eradicated,
and yet cheaper alternatives such as trapping and pour-ons are already available.
The total cost of eradicating G. austeni in Zanzibar was US$85 million, using this value,
Molyneux [25] estimated the cost of ‘eradicating’ the remaining Glossina in an area of 10.5
million km^ infected by 23 species and found from a single calculation that the total cost of
eradication in mainland Africa would be 23 x 85 x 10® x 9.9® (10 million km^ minus area infected
in Zanzibar 1,700 km^). Thus, the costs of Africa eradication in 10^ km^ using Zanzibar costs
are US$1.9x 10^® [25]. A sterile to indigenous male ratio of greater than 50:1 was obtained in
mid-1995 and it increased to greater than 100:1 by the end of 1995, as a consequence complete
eradication that was achieved by December 1997 [9, 23]. In the Zanzibar project according
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to Bhalla [4], eight million sterile male flies were released - alongside applying inisecticide to
the backs of cattle and setting insecticide-impregnated fly traps. Experts estim ate that 20-40
million sterile male flies must be released per square kilometre to eradicate the fly population
in Ethiopia alone [4].
Eradication of tsetse population in SSA is not realistic [171], according to Report, of a World
Health Organization (WHO) Expert Committee [174], the objectives of vector comtrolUng an
epidemic focus is to reduce rapidly and drastically the vector population to a level at which
disease transmission is significantly reduced or interrupted.

Despite the success of fSIT in

Zanzibar [9, 23]. Molyneux [171] notes that large-scale trials of SIT have failed in Nigeria,
Burkina Faso, Tanzania and Ghana because of lack of sustainability and through re-invasion.
It is pointed out in [171] that, the true cost of eradicating G. austeni between 1994 an(d 1997
which is given as US$5,788 million by [9] is an understatement because not included ini these
costs were initial capital costs incurred in establishing mass rearing facilities and suipporit costs
from the International Atomic Energy Agency (IAEA) in Vienna.
On the basis of Zanzibar, assuming that the cost of eradication to be US$5,788 million as^ given
by Msangi et al. [9], Molyneux [171] re-calculated the projected costs of a continent-vidle SIT
release programme to eradicate Glossina on the assumption of 22 Glossina species, and a cost
per 1600 km^ eradicated of US$5.7 million and an area of tsetse infestation of 8.5-9.0 millioin km^
amounts to a whopping

) —US$6.67 x 10^®. In many areas, up to four different

species of Glossina co-exist, given the speed of progress in Zanzibar, an equivalent cacu^ation
reveals that the expected timescale would be roughly three years to control one species iui 1600
km^. Therefore, to eradicate 22 species will take 3 yearsx 22 speciesx

-=350000 years

[171].
Molyneux [171] argues that sleeping sickness has been controlled in the past by usin^ gdmple
and cheaper methods until health services collapsed through under-resourcing and civl uinrest
prevailed. Also given the current problems of HIV, TB and malaria, eradication of Glossiina by
SIT is unrealistic and unsustainable. What is needed is involvement of affected comnuinities
and use of cheap and effective methods that are sustainable such as odour baited iratps or
impregnated targets. The involvement of communities is very crucial to the success of aiy ttsetse
control programme. SIT is an inappropriate, unaffordable, unsustainable and irrelevantcoincept
in the face of public and animal health problems of the continent [171]. Similar reservaitions
to the use of SIT have been expressed by Rogers and Randolph [175] who argue that thee SIT
proposals as put forward by PATTEC ignore the lessons of history, deny certain ecological ffacts,
require a degree of coordination that seems unlikely and will surely lead to increasing fo?reign
exchange debt with very little to show of it.
Nevertheless, inspite of Molyneux [171] arguments against application of SIT as envisagc'ed in
[172, 173], the successful eradication of G. austeni from the island of Zanzibar [9, 21] lusing
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an integrated approach of population suppression followed by the sterile insect technique (SIT)
has demonstrated the feasibility and applicability of this technology in area-wide vector control.
Aksoy et al. [160] notes that SIT involves sustained, systematic releases of sterile male insects
among the wild population, where the sterile males fertilize wild females, which then are unable
to produce progeny. The use of sterile transgenic insects removes the possibility of vertical
transmission of the transgene [160].

1 .5 .6 R e d u c in g t s e t s e p o p u la tio n b y tra p p in g
The practical purpose of trapping insect vectors are either to kill an adequate proportion of
the population to control the disease, or to sample the population to obtain epidemiological
information [100, 176]. The prospects for developing bait systems for controlling a particular
species are governed, in part, by the species’ reproductive biology. Tsetse are a classic case of
a K-selected species, the reproductive rate being so low that a trapping rate of c. 3% per day
is adequate to reduce population growth [147]. The main concern of control entomologist is
to maximize the proportion of the population killed, while epidemiologist often need to target
their sample more subtly, depending on their aims [100, 176].
Compared to other methods, use of traps and other bait technology to control tsetse population
has received wide support from donors, researchers and to some extent the affected communities
[6, 12, 25, 30, 159, 177, 178, 179]. For example, Molyneux [171] noted that sleeping sickness has
been controlled in the past by using simple and cheaper methods until health services collapsed
through under-resourcing and civil unrest prevailed. Of all tsetse control options, the emphasis
is to use trapping bait technology because they are presumed to be cheaper and environmentally
more friendly [12, 25, 28, 30, 171, 178, 179]. However, it is regrettable that despite past failures
in control tsetse population [25, 32], and errors of judgement costing time and resources in
failing to recognize the value of simple control methods such as bait technology, individuals and
organizations are in the process of compounding earlier failures to control the disease by even
suggesting that Glossina can be eradicated [25].
Bait technology such as trapping is not only effective in catching tsetse and cheap to operate, but
research work that resulted in the development of these cost-effective tsetse control techniques
was done for a fraction of annual budget of some research institutes in Kenya working on control
of animal trypanosomiasis [92, 158]. Several tsetse traps and their performances in the field
have been tested on their ability to attract and catch different species of tsetse, and thereby
suppressing fly population [30, 92, 113, 114, 178, 180, 181, 182, 183] to name a few of the
enormous literature that is available. In selecting an appropriate trap for tsetse it is necessary
to consider the convenience and cost-efficacy of the traps available and the use to which they
will be put [178]. From his experience in working on tsetse control in Kenya, Mihok [113]
suggested that some general guidelines on where to site traps. He said (i) putting a trap under
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a shade is bad; (ii) traps should be visible from a distance and (iii) traps should be oriented so
that the opening is downwind from wind direction.
Considering that the rate at which flies invade large cleared areas is determined both by the
mobility of the flies and by the effective rate of population increase [12], Dransfleld et al. [12]
noted that control rather than eradication of tsetse is more likely to succeed and more likely to
be sustained. Furthermore, control encourages low-technology, local funding and community
involvement. If eradication fails it fails completely hence, if long-term control is to be effective,
it must be based on a sound knowledge of the ecology of the vector. They key success in
controlling tsetse at a manageable population level is the fact that, the low rate of increase of
tsetse population means that if an additional mortality rate of 3% per day can be sustained,
an isolated population will be eradicated within one year. These levels of mortality can be
imposed by traps or targets [12].
Over the years, traps of different designs have been developed with an aim of maximizing trap
catches, and to also take into consideration species and habitat differences [113], and to mimic
the host as much as possible [158]. Studies of the trap-oriented behaviour of tsetse {Glossina
spp.) have shown that larger objects are more attractive than smaller ones [136]; blue, black
and red objects are more attractive than yellow and green ones [184], and for mobile objects a
black horizontal oblong is more attractive than a vertical one [92]. On the effect of colour in
attracting tsetse flies to traps. Green [184, 185, 186] observed that responses to colour by tsetse
appear to be determined by special reflectivity in three different wave bands: ultra-violet, blue
and green-yellow. Blue increases attractiveness, while ultra-violet and green-yellow decreases.
Crucial to the development of the most efficient traps was the additional discovery that black
was the most favoured colour for landing [184, 185, 186].
However, neither the colour nor the shape of the host affects the accuracy of the final approach
[184]. Tsetse flying up a plume of odour will inevitably pass a variety of inanimate objects
such as trees, bushes, anthills and rocks, some of which may visually resemble a host [104], and
yet from its overall direction of movement depending on visual and olfactory cues, it generally
avoids these objects and heads towards the food target it perceives to be the right one. The
shape of the target has a large effect on both the attractiveness of a target and on the proportion
of flies that subsequently land on it [104]. Mihok [113, 114] argued that we can never know
what a fly perceives when it is attracted to a blue and black trap. It is also not clear why flies
investigate artificial objects, especially in the absence of baits that mimic host odours. However,
from the species caught by traps and their feeding habits, he suggested that flies perceive traps
as an opportunity to take a bloodmeal from a host.
Vale [92] demonstrated that tsetse were attracted to mobile visual baits, and that this response
was greater for ‘hungry’ tsetse. Thus, there is clear evidence that tsetse are activated by the
visual stimulus of a host passing by. He showed that «90% of tsetse attracted to a stationary

77

host were so in response to the host’s odour, and also the number of tsetse attracted to a host
were positively correlated with the host’s body-mass. The resulting feature of research and
development in trapping technology over the years is that, during the evolution of the trapping
methods, the trap has been made to look less and less like the wild hosts of flies, but to smell
more and more like them [14].
Baylis and Stevenson [7] noted that, despite the advantages of traps as a simple easily assembled
‘gadget’ using locally available resources, national governments have been slow to embrace traps
as a means of tsetse control. One reason is that the deployment and maintenance of traps and
targets over large, often inaccessible areas, the purchase of odour attractants and insecticides,
and the scientifically rigorous approach to the design of the control programme, require a level
of infrastructure and organization rarely available to the people whose animals are at risk of
disease.
The rate at which flies invade large cleared areas is determined both by the mobility of the
flies and by the effective rate of population increase [12]. Dransfleld at al.

[12] noted that

since barriers have not proved elective in preventing reinvasion, long-term control of tsetse
populations in cattle-grazing areas will be the best option in most Africa. When controlling
flies using traps or targets, the mobility of the flies has important consequences. The very
mobile savanna files readily find traps or targets and the degree of control that is achieved
depends on the efficiency of the devices used to kill the files [12].
Effective control can be achieved only over areas of about 100 km^ or more. For less mobile
flies, such as the riverine and forest species, the degree of control that is achieved is limited by
the rate at which the files reach the traps, so that the efficiency of the devices in killing files
is less critical [12]. The NGU trap used in Nguruman area of Kenya is similar to other tsetse
traps in that the blue cloth attracts the flies and the black cloth elicits a landing response. Flies
enter the trap from below and are then attracted upwards towards the light filtering through
the muslin cone, where they are trapped in a plastic bag and die from heat stress [12].
Eliminating the fiy completely is not possible and it is also environmentally unwise since there
are other organisms not harmful to man or his livestock such as lizards and geckos that feed
on tsetse files among other insects, hence reducing drastically the fly population ofifers the
most viable way of controlling the spread of animal trypanosomiasis.

If the fiy population

could be brought to a level that is not harmful to man and his cattle, then human and animal
trypanosomiasis would also disappear or be greatly reduced [5, 69, 155]. Only species of tsetse
that are important in transmitting disease to man and livestock need to be attacked or targeted,
though in the process of targeting a particular species other species not intended will definitely
be affected to some extent. Simulation results for the NG2B trap in Nguruman, Kenya showed
that to achieve a 99% reduction in tsetse population, a trap density of about two odour-baited
traps per square kilometre is adequate [180].
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Brightwell et al. [30] noted that traps are safe in the rural environment and can greatly enhance
local involvement in tsetse control programmes.

They contend that the new odour-baited

trap and targets, coupled with a better understanding of tsetse population dynamics offer
more realistic prospects of sustainable tsetse control. Also, traps are a favoured method for
collecting many different species of tsetse, as they are simple to use, and operate unmanned
and continuously. Their drawback is that they have biases in the relative attraction to different
species and sub-population of each species present [92].
There are many examples throughout Africa of the fact that it is relatively easy to kill tsetse
in sufficient numbers to have a significant impact on trypanosomiasis. Traps and targets offer
the possibility of continuously suppressing tsetse populations to the point where transmission of
trypanosomiasis is minimized [179]. One serious disadvantage of this approach is the continuous
cost of trap and target development [179], but what has proved even more difficult has been to
sustain such operations at the levels required to consolidate these gains and prevent reinvasion,
and also further developments of novel bait technologies [32]. Mihok [113, 114] gave two reasons
as to why trapping of tsetse is so effective in Africa: (i) tsetse flies have very low reproductive
rate (females give birth to just one offspring every ten days); and (ii)tsetse move over relatively
long distances. Hence they are intercepted by even widely-dispersed killing devices ( he claims
that tsetse are the "jet aircraft" of the fly world). Other biting flies have much higher repro
ductive rate and they move over shorter distances, they also emerge in overwhelming numbers
on a seasonal basis. Besides the control measures outlined above, other methods that are used
or can be used to control tsetse flies with varying levels of success are by use of pathogens,
parasites and predators [5, 69, 71, 72, 86, 98, 147, 153].

1.6 Different types of tsetse traps
Several tsetse traps and their performances in the field have been tested on their ability to
attract and catch different species of tsetse, and thereby suppressing fiy population [30, 92,
113, 114, 178, 180, 181, 182, 183] to name a few of the enormous literature that is available.
In selecting an appropriate trap for tsetse it is necessary to consider the convenience and costefficacy of the traps available and the use to which they will be put [178], trap performance
differ for different groups of biting flies, and sometimes, even for the same species of fiy in
a different environment [3]. The traps have been given different names by their inventors to
signify shape of trap or abbreviated name of location of tsetse control activity or just some
code name. Some of the trap names commonly cited are: biconical [31, 88, 178, 179, 180, 187,
188, 189]; NGU (for NGUruman) [12], NG2B [12, 30, 180, 189]; NG2G [30, 113, 114, 177, 180,
183, 187]; F3 [30, 113, 178, 180, 183]; Epsilon [113, 179, 183]; Ganopy [113]; Vavoua [113]; beta
[178]; F2 [178] and Nzi (Swahili word for fly) [113, 114]. Clearly, the biconical is the most cited,
followed by NG2G and then F3 in that order. The following are some of the traps commonly

79

used to control tsetse populations:

1 .6 .1 B ic o n ica l
The tsetse trap of reference in this thesis will be the biconical trap (Figure 1.8), because it is
the most cited trap in the literature on tsetse control. The biconical trap has been used widely
in Africa both for sampling and control and hence, has been used as the standard with which
to compare new designs [ISO]. This trap was the first practical cloth trap designed for tsetse
sampling in West Africa [113]. It is an efficient trap for most riverine tsetse and it has been
used for fly surveys for many years though it is a poor trap for most savanna tsetse. As regards
convenience, the biconical trap in collapsible form is exceedingly easy to transport and erect;
it is likely to be a little more convenient and cheaper than any collapsible forms of such traps
as the beta and F2 traps [178].
Biconical traps are not very efficient. The biconical and monoconical traps are relatively inef
fective against what are generally known as the ‘savanna’ tsetse species, of the G. morsitans
group [179]. Quantitative work in Zimbabwe and Kenya led to the production of a generation
of traps which are able to attract and catch these species, such as the ‘F3’ [178] and ‘Epsilon’
[179] traps in Zimbabwe, and the ‘NG U’ [12]; ‘NG2B’ [180] and Nzi’ [114] traps in Kenya. In
comparing trap efficiency, Dransfield and Brightwell [187] found that biconical and NG2G traps
were less efficient in the early morning, suggesting entry response to be temperature dependent,
with the NG2G trap being more efficient for non-teneral nulliparous females than for other ages.
It has been demonstrated by Dransfield [182] that the catch of G. pallidipes in a biconical
trap is dependent on temperature, but in relation to the activity of the flies. The efficiency of
the biconical trap declines below 31^C, with temperature having much less effect on the flies’
response to the NG2B trap [180]. This could explain the poor performance of the F3 relative
to the biconical trap at Nguruman, compared to Zimbabwe, where it caught only twice the
number of female G. pallidipes compared to nine times. On studies of the biconical trap as a
sampling device for tsetse in Mozambique, Takken [190] observed that the blue biconical trap
was a better trap for G. m. morsitans and G. pallidipes than red or white versions.
Takken et al. [188] reported on one of the largest application of biconical traps to eradicate tsetse
fly in Nigeria. It involved the integrated use of (i) biconical traps; (ii) insecticide-impregnated
targets (screens) and sterile insect technique (SIT) to eradicate of G. p. palpalis (RobineauDesvoidy) in a 1500 km^ area of central Nigeria. Six weeks or more of continuous removal, using
biconical traps reduced the target tsetse population by more than 90% but failed to eradicate.
To be effective, SIT requires a minimum ratio of 10:1 of sterile to wild males was required
to achieve eradication in a central area of 300 km^ and a ratio of 3:1 was sufficient to keep
population under control.
From their findings in Nigeria, Takken et al.

[188] noted that, to effectively reduce tsetse
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population, the following three step strategy is effective if sustained: (i) tsetse population is
reduced by trapping; (ii) sterile male method is used to wipe out the remnants and finally; (iii)
screens are employed as effective barrier to prevent re-invasion of areas where eradication has
occured. For practical reasons,an area is declared tsetse freé" after catches had been zero for
at least three consecutive months. Four complete generations of tsetse fly is equivalent to one
year.

1 .6 .2 N G 2 G
The NG2G trap was designed for economy, simplicity and efficiency. It was optimized for the
tsetse species G. pallidipes in Kenya following the development of the F3 and Epsilon trap for
this species in Zimbabwe [113]. It performs well for many tsetse species [30, 177, 180].

1 .6 .3 V avou a
The Vavoua trap was designed as an economical alternative to the pyramidal trap for large-scale
control of riverine tsetse. There are many similar designs that reemploy hanging screens. These
designs are efficient for riverine tsetse [113].

1 .6 .4 N G 2 B
In assessing the effectiveness of the NG2B trap, Brightwell et a l [180] found that the NG2B
version was consistently more effective than a similarly baited biconical trap; it used less mater
ial and was considerably easier to construct. However, the finding that the relative effectiveness
of this trap was temperature dependent has important implications for both design and testing
of all new tsetse traps. Simulation results show that to achieve a 99% reduction in tsetse pop
ulation using this trap, a trap density of about two odour-baited traps per square kilometre is
adequate [180]. Brightwell et a l [180] claim that this trap (NG2B) has the advantage of being
much easier to make than either the biconical or F3 traps, and does not require sewing skills.
Field tests for this trap [30] on catches of G. pallidipes Austen and G. longipennis Corti showed
that on trap cone material, the degree of light transmission of the netting, rather than its colour,
was the crucial factor affecting the catch of G. pallidipes. Adding an additional metre of blue
cloth to one side of the trap increased catches of females both species by about 60%. Traps
baited with synthetic phenols yielded similar numbers of G. pallidipes and significantly more
G. longipennis than those baited with natural cow urine. Despite its smaller size and much
lower cost, the NG2B trap caught very similar numbers of G. pallidipes to the Zimbabwe F3
trap. However, there is evidence that in Zimbabwe, F3 trap caught 1-2 times more male and 2-3
times more female G. pallidipes than the NG2B. This could either reflect a behavioural difference
between Zimbabwean and Kenyan G. pallidipes or result from climatic factors affecting their
relative efficiency [30].
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The work of Brightwell et al.

[30] suggested that for G. pallidipes light transmission is the

critical factor although net colour may be more important for female G. longipennis, given the
relatively good performance of white and yellow cloth and very poor performance of the open
black netting. They showed that the cost of NG2B for trap density and servicing is about
US$8.50, and that 2-3 traps per km^ will eradicate isolated populations of G. pallidipes and G.
longipennis in 12-24 months, whilst 2 traps per km^ can sustain a 90-99% reduction in numbers
of G. pallidipes even under heavy invasion pressures provided the area exceeds 100 km^ [30].

1 .6 .5 N z i
Nzi trap is a multi-purpose trap for capturing biting flies (tsetse flies, horse flies, deer flies,
stable flies) [113, 114]. Nzi trap is an improvement of the NG2G trap by providing increased
simplicity, economical with harmonized efficiency. On constructing Nzi trap, Mihok [113, 114]
suggests that choice of material is vital because we should choose material that not only attract
flies, but also induce then to land on artificial surfaces. Choice of blue is the most important
feature of the trap with pure blue best. Traps incorporating colours other than blue rarely
attract biting files and if any catches are usually very low [114]. Biting files cannot see red,
hence the use of royal blue has no impact on trap performances.

Fabrics should have low

reflectance in the ultraviolet, cotton materials all have this characteristics.
Despite the cost of Nzi trap being low at US$7-9 [113, 114], it should be noted that it is just a
trap for biting flies, and therefore, trap performance differ for different groups of biting fiies, and
sometimes, even for the same species of fiy in a different environment. Hence, it is impossible
to recommend a single trap for use in all circumstances. The Nzi has a broad spectrum of
efficiency for biting fiies, but it also happens to be a poor trap for one important group of
vectors in Africa - riverine tsetse.

Also, efficiency of Nzi trap are not fully documented to

compare it with other traps.

1.7 Chemo-attractants of tsetse flies
The development of odour baits to control tsetse is perhaps the best example of the use of
kairomones to control medical and veterinary pest [80]. Much of this success is due to the
biological peculiarities of tsetse. Its low reproductive rate makes it particularly susceptible to
a low and continuous mortality such as that caused by odour-baited targets [147]. Biting fiy
behaviour around traps can be influenced greatly through the use of odour baits. Chemicals,
mimicking natural host odours not only attract fiies from a distance but also result in increased
investigation of the trap [113, 114].
T setse fiies largely ignore artificial objects when host odours cues are not present. In Nguruman,
the presence of baits increased the catch of G. pallidipes by upto 10-20 times - most likely
because of an increase in the range of attraction as a result of odour attractants [113, 114].
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Today, both natural and commercial odour baits are used as trap attractants for tsetse flies.
Some commonly used chemo-attractants are:

1 .7 .1 B o v in e u rin e
Why bovine urine attracts tsetse flies? When animals urinate, bacteria converts chemicals in
urine of many grazing animals to phenolic compounds that attract some species of tsetse flies.
In parallel with the work in Zimbabwe in the 1980s [118, 191, 192, 193, 194, 195, 196] just
to name a few, Owaga [115, 116] in Kenya made the fortuitous discovery that tsetse flies are
attracted to buffalo urine after it has aged for a few days. We now know that bacteria convert
chemicals in the urine of many grazing animals to phenolic compounds that attract some species
of tsetse, as well as many horse flies [113]. Hassanali at al. [197] reported that the most active
fraction of buffalo urine is composed of seven phenolic compounds: phenol, 3- and 4-cresols, 3and 4-ethylphenols and 3- and 4-n-prophylphenols.
Mihok [113] pointed out that a substitute for pure phenols is the urine of animal such as a
cow, goat, horse, camel, etc. When aged for a few days, many phenols develop from bacterial
degradation, in particular the potent attractant 4-methylphenol. These phenolic compounds
clearly attract many species of tsetse flies and horse flies. The urine can be left for months with
occasional topping up and still be effective. A practical container is the discarded portion of a
bottle used to make the funnel for the trap medium to large aperture will do.

1 .7 .2 A c e to n e
This compound which is highly volatile is found in breadth of most animals. It attracts many
flies but not all biting flies. When dispensed in combination with urine, it may produce a large
synergistic increase in fly catch [113].

1 .7 .3 O cte n o l
It is a bait for almost all biting flies e.g.

l-octen-3-ol is a volatile trace chemical found in

breadth of animals. Very effective if mixed with phenolic compounds, but on itself it does not
produce dramatic increases [113]. It has been reported that l-octen-3-ol isolated from cattle
odours is a potent olfactory stimulant and attractant [112], and also causes increased upwind
flight by tsetse in a wind tunnel [198]. Under field conditions l-octen-3-ol increases catches of
G. m. morsitans and G. pallidipes by up to 3 times [199, 200]. It is worthy to point out that
oxen naturally produces c. 0.01 m g/h of octenol [109].

1 .7 .4 O th e r a ttr a c ta n ts an d r e la ted issu es
Host odours are a combination of several attractants that work together to enhance and sharpen
the signal detected by the fly sensors. Only a few, as those mentioned above play the principal
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role of attracting the flies. Attractive components that have been identified in ox breadth include
carbon dioxide, acetone, l-octen-3-ol and butanone [110, 111, 112]. Torr [196] conducted studies
in Zimbabwe on the response of G. m. morsitans Westwood and Glossina pallidipes Austen to
various odours observed that turning and landing of tsetse in response to the loss of contact
with host odour are responses primarily to the loss of carbon dioxide. Tsetse can detect carbon
dioxide at concentration as low as 0.01% [110]. However, there is a background level of 0.03%
carbon dioxide in the atmosphere compared with 4% in exhaled breadth [196].
Activation of flies by host odours is important, because a fly cannot be trapped if it is not active,
whereas a fly may be active but not trapped [126]. Clearly, natural host odour activates tsetse
and when they land in the course flying towards odour source, sometimes the landing on the
ground is to assess wind direction [198]. Thus, detection of wind direction on the ground is an
integral part of odour-oriented behaviour. However, the landed flies take off upwind in response
to host odours [198]. Torr et al. [109] reported that the most important attractants for practical
purposes are acetone, butanone, l-octen-3-ol and various phenols. In an experiment with four
designs of traps (NG2G, Epsilon, F3 and biconical), Baylis and Nambiro [183] observed that
acetone (500 m g/h) significantly increased trap catches of G. pallidipes. Cow urine (850 m g/h)
increased the catches of both species in traps baited with acetone and l-octen-3-ol, although
not significantly for G. longipennis.
In a field study to compare the effects of different dose rates of the odour bait l-octen-3-ol
(octenol), Randolph et al. [201] reported that the use of octenol as a bait has the advantage of
increasing the catch of very young females and males that have fed relatively recently (less than
60 hours previously), two subgroups of the fly population that are usually least well represented
in trap samples (in terms of the absolute numbers caught) and whose field biology is therefore
least well known. By comparison cow urine and acetone increased catch of G. pallidipes in
biconical traps 6.6-fold for males and 9.5-fold for females and resulted in the capture of flies
with significantly higher fat content [126].
For our modelling purpose, the complete chemical structure of the odour attractant is not nec
essary, only the basic form is required for determining odour concentration in moles. The active
ingredients in host odour which attracts tsetse flies to their target have been found to be carbon
d ioxid e^ aceton e^ ^ and organic compounds l-octen-3-oT^ and 3-n-Propylphenol^ [110]. The
compound l-octen-3-ol has been found to be the most potent stimulant in host odours [111,
202]. Some phenolic mixtures in buffalo urine have also been shown to have some important
components that attract tsetse flies [117]. Field studies in Kenya showed that buffalo urine was
7.1 times more effective than cattle urine. It gave 9.6 time increase in female G. pallidipes catch
gram molecular weight (gm w) = 44 g (i.e. the weight of 1 mole)
: gm w = 58 g
^ ■ ^ C s H i e O
: gmw = 128 g
^ ■ ' ^ C g H i 2 0 : gmw = 136 g. (Note; C = 1 2 , H = 1 and 0 = 1 6
[203]).
^ ■ ^ C 0 2

^

:
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and 8.2 times in male compared to the control. Cattle urine on the other hand, affected only
1.8 times increase [116].

1.8 The odour baited trap (biconical type)
The biconical trap (Figure 1.8) baited with host odour is a very effective trap that is used in
the control of G. morsitans grp., where it plays the role of a stationary '‘^killer h o s f . It has
some loose dark cloth material that shake due to wind movement making it look like a host
moving around while feeding. It employs the attractiveness of dark colours especially blue and
a dark-light interface to attract tsetse flies [5|. A small container with bovine urine (usually
from cattle) or at times commercial ethanol is placed nearby to give the trap the distinctive
smell of a host [115].
This trap is constructed based on certain tsetse behaviour. It has been observed that tsetse
flies aggregate around hosts for some time before making contact [87]. The odours emitted by
the vertebrate host, and in particular host urine, has been found to have attractive components
guiding tsetse flies towards the host and the eventual parasitism [115]. This has enabled research
workers to develop effective tsetse control traps (Figure 1.8) that exploits that aspect of tsetse
host finding behaviour [81, 102]. There is ample evidence that ox urine odours are known to
increase trap catches of both G. m. morsitans and G. pallidipes [82].
The odour baited trap is very effective against G. pallidipes but not against other species such
as G. longipennis and G. brevipalpis because of their crepuscular nature [116]. For that reason,
other variants of tsetse traps different from the biconical type (Figure 1.8) have been developed
[113], or are being developed that take into consideration movement and feeding behaviour of
the targeted tsetse species.
An important aspect of tsetse behaviour that makes odour baited traps an attractive tool for
controlling tsetse population is the fly’s fecundity rate [146, 147]. The low reproductive rate of
tsetse flies makes it possible to use evenly spaced odour baited targets at densities of %4 km“ ^
to provide good control, and sometimes eradication of tsetse population within 2 years [146].
Tsetse fly is an obligate blood-feeder and every 2-3 days male and female tsetse must visit a
host. Hence, tsetse is repeatedly available to odour baits [80]. Its low reproductive rate makes it
particularly susceptible to a low and continuous mortality such as that caused by odour-baited
targets [147].
Hargrove [147] and later supported by Dransfleld et al. [146] and Williams et al

[81, 204]

reported that if one can improve and sustain an added tsetse mortality of 4%/day on any
female tsetse population then it must go extinct irrespective of the strength of the densitydependent processes. Use of odour baited traps can sustain that added mortality and offers the
best alternative. Studies by Dransfleld et a l [146] showed that the lower bounds of total adult
mortality rate (natural-f trapping) lies between 7.5-10.5%/day which is more than adequate to
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Figure 1.8: A scanned photograph of a biconical tsetse trap in a field operation [5].

maintain tsetse flies at a low density in the suppression zones.
R,e-invasions of the suppression zones are likely to require an increase of the lower bound to
sustain a low fly density which can possibly be achieved by increasing the number of traps.
T he success of tsetse trapping technology is partly depended on a sound understanding of
the population dynam ics and behaviour of tsetse flies in relation to its target which can be a
herbivore host or a trap. Understanding the movements and dispersal m ethods of the fly will
enable us to evaluate how fly movement influences the effectiveness of the trap, thus helping us
develop cheaper, safer and more efficient traps or m ethod(s) of control. And that is where the
odour baited trap(s) comes in as a possible biological control method.
The ability of the odour baited traps to attract tsetse relies on two factors. First, fiy perceiving
the trap as a potential host for bloodmeal, and second, the fly inquisitiveness in its desire to
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go further in search of bloodmeal. Thus, the odour baited traps mimic the host so that once
the fly is attracted to it, the fly enters the inner chambers of the trap in such of suitable biting
sites and in the process is unable to come out resulting in eventual death through heat and
exhaustion [158, 159]. The process of chemotaxis is important in the whole sequence of events
from the initial attraction to fly taking bloodmeal or fly capture by odour baited targets.
The chemotactic aspect become important because the active ingredients in host odour which
attracts tsetse flies to their target are volatile compounds [110, 111, 116, 117, 202], and are
dispersed by wind [81, 101, 102, 109, 146, 181, 198, 205, 206] therefore, the effect of chemotaxis
in this respect is very important, there are dispersion models that have been developed for
pheromones, kairomones and other attractants released by various organisms [207, 208], how
ever, so far there are no suitable mathematical models that had been formulated to describe the
nature of odour dispersion in relation to host seeking by tsetse flies [101]. Hence, lack of such
models even as recently as 2002 imposes a major deficiency in current tsetse control models. I
have tried to address this deficiency in my model formulation as explained and illustrated in
later sections of Part I, hopefully throwing more light onto even better control strategies for
the tsetse fly menace.
Other than the general tsetse behaviour cited above, the specific tsetse behaviour that have
been used to guide in the construction of the biconical trap are:
a), the tendency of adult Glossina spp. to move towards dark surfaces and shade cavities, the
body of the trap being mistaken for the belly of the animal;
b). the ability of adult Glossina spp. to detect potential hosts for feeding from urine odours or
other bodily excretions of the unsuspecting herbivore even when the host is not in sight;
c). the ability of adult Glossina spp. in detecting moving hosts from long ranges.
Once in the dark cavity of the trap and unable to find suitable feeding spots, the tsetse fly
attem pts to leave the trap but since there is light coming from the top the fly moves towards
the lighted summit at the top of the trap (Figure 1.8). Urged to climb even higher, they pass the
^no-return device’ and enter the cage made of clear polythene paper which in tropical climate
sometimes can be extremely hot. The end result is death from hunger and exhaustion to the
affected flies after vigorous attempts to come out. These trap (Figure 1.8) and other variants
[113], are extremely appropriate for pastoralist communities in the rural areas of SSA because,
besides being community-based tsetse control operations [146], they are also:
a), easy to make using locally available material;
b). easy to operate, service and replace in case of damage. This makes them highly cost effective;
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c). very effective as tsetse control devices. Cases are documented of number of tsetse fiies killed
by the traps per week to be in the range of 1,500-5,000 per trap depending on the season
and time of the year [146].
Williams et al. [81] carried out field experiments in Nguruman area of Kenya to compare baited
and unbaited traps in tsetse control. They found that baited traps with a radius of attraction
of 100 meters, a mean trap spacing of 720 metres and a trap density of 1.9 traps km“ ^ achieves
a 99.9% in tsetse reduction per year. To achieve similar results using unbaited traps would
require traps with a radius of attraction of 10 meters, a mean spacing of 72 metres and a trap
density of 190 traps km“ ^. They concluded that under such conditions, unbaited traps would
not offer an economically viable method of control over a large area no matter how flies move.
The samples from baited traps are more representative of the population as a whole, with
the most significant physiological differences between flies caught in baited and unbaited traps
being in their fat/haem atin content with males showing a fuller range than females however,
females range increases in later stages of the pregnancy cycle [126]. Overall the baited traps
caught 6.6X more male flies than the unbaited traps with the index of increase being greater
for mature flies (1:7.4) than for immature flies (1:5.0). The effect of odour baits on females was
even more marked than that of males, with an overall index of increase of 1:9.5, and again the
effect was greater for mature flies (1:10.9) than for immature flies (1:4.6) [126]. Odour baited
traps, nevertheless, offer two major advantages over unbaited traps:
1. the trapping of a greater cross-section of the population will yield complete information
about fleld population of tsetse;
2. the trapping will also greatly improve attempts at vector control using low technology devices
such as insecticide impregnated screens or traps.
Moreover, the use of such readily available odour sources as cow urine will facilitate the regular
application of such vector control by local people [126]. This is made even more pertinent when
we consider that over the past 30 years there has been a progressive decline in the amount of
money spent by African governments on the control of tsetse, trypanosomiasis and associated
research. Also, donors are increasingly moving towards a position where they are not willing to
fund the eradication of tsetse from land which is not currently farmed [31], yet the pastoralist
who are the people affected by the tsetse menace are cattle keepers and not crop growers.
In this era of structural adjustment programmes, donors are becoming very reluctant to fund
development activities in SSA because of past missuse and wastage of funds by the recipient
governments [12, 171]. Therefore, this has made tsetse control operations to be carried out,
and ultimately paid for, by the livestock owners [31]. Hence, the need for community based
control programmes and the importance of developing efficient traps that are affordable and
sustainable.
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Developing efficient traps implies that we should have a way of measuring that efficiency. The
oretical estimates have shown that an additional trap-induced mortality of 2% /day will reduce
tsetse population by 99% [81, 146, 147], however, these estimates do not take into account the
level of trap efficiency. If trap efficiency is factored in, the trap-induced mortality might be
higher than 2%/day if the trap is efficient, or lower than 2%/day if the trap is not efficient.
This is a key point that I have addressed in the tsetse trophic interaction models by presenting
after a detailed analysis a more realistic measure of trap efficiency, in light of what has been
done by Mihok [113, 114], Vale and Hargrove [209], Dransfield and Brightwell [187], Hargrove
[191] and. Packer and Brady [210]. Since the emphasis now is on community involvement, it is
a waste of time and resources to embark on improving tsetse traps if we do not know the level of
trap efficiency that we are operating on. Quantifying trap efficiency in a simple and hopefully
precise manner is of paramount importance for a sustainable control of tsetse fly population.

1.9 Quantifying trap efficiency
The need to quantify trap efficiency is underlined by the realization that trap performance differ
for different groups of biting flies, and sometimes, even for the same species of fly in a different
environment [113]. Hence, as Mihok [113] noted, it is impossible to recommend a single trap for
use in all circumstances. Mihok [113, 114] reported that a ’’good” trap is either very attractive,
very efficient, or both. Finding out why a trap works well is not a trivial process. Catches often
vary 10 fold from day to day and from place to place. Hence, considerable effort is required
to produce statistically useful results. Even with well-designed experiments generating precise
data, accurate efficiency estimates depend on satisfying numerous assumptions about how flies
behave. These assumptions have been tested and partially verified for only a few fly species,
and for only a few variations on technique.

1 .9 .1 C u rren t a p p ro a ch es and th e ir d isa d v a n ta g es
Vale and Hargrove [209] defined efficiency of a trap as the number of insects retained by the trap
expressed as a proportion of the number attracted to its vicinity. One method of estimating
efficiency of tsetse trap is to place a trap in the middle of an incomplete ring of electrocuting
nets [209]. The nets intercept flies approaching and leaving the vicinity of the trap; they are
assumed to not affect fly behaviour, Dransfleld and Brightwell [187] said this is only partially
true. By comparing numbers caught to the numbers electrocuted on the inside surface of the
nets, one can obtain estimates of trap efficiency that appear to be ” reasonable”, with some
caveats [187, 191]. Gibson and Torr [100] correctly noted that to improve trapping systems it
is important to establish the efficiency and bias of the current sampling systems.
In assessing the efficiency of electric nets as sampling devices for tsetse flies. Packer and Brady
[210] found that when account was not taken of flies which behaviourally avoided the net.
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the best system had an efficiency of 55% (range 49-61%). It is important that the level of
efficiency is known accurately when estimating the efficiency of various traps for tsetse using
incomplete ring of electric nets [191], the number of flies attracted to a trap but not entering it
can be estimated as the number caught on the inside of the nets divided by the fraction of the
circumference of the ring which was covered by the nets. Knowing the number of fiies caught in
the trap it is possible to calculate the efficiency of the trap [210]. If the estimate of the number
of flies which do not enter the trap is based on an assumed 100% efficiency among the electric
nets, when in fact, they are only 50% efficient, the estimate of trap efficiency will be greatly
inflated [210].
An incomplete ring of electric nets was evaluated as means of estimating trap efficiency for
Glossina spp.

[187].

This method assumes that flies approach the trap directly, and then

enter or leave directly in random directions. Unlike an incomplete ring of electric nets, use
of complete ring of nets around a trap to estimate trap efficiency entails fewer behavioural
assumptions. The efficiency of a NG2G trap was estimated to be 58% for males and 37% for
females. Biconical traps were much less efficient. Both trap types were less efficient in the early
morning, suggesting entry response to be temperature dependent. The NG2G trap was more
efficient for non-teneral nulliparous females than for other ages [187].
Traps are widely used to monitor tsetse numbers during control operations, and have also
been used themselves for control purposes with or without odour bait [187]. Dransfleld and
Brightwell [187] correctly notes that it is important to quantify trap efficiency so that designs
can be further improved.

Prior to my analytical approach, the only way to measure trap

efficiency directly is by the use of electric nets done first by Hargrove [211]. However, the
major problem with estimating trap efficiency using complete or incomplete rings of electric
nets requires an estimate of the efficiency of the nets themselves and depends on the validity
of the single-approach model [187]. Other problems cited with the net approach of measuring
trap efficiency are:
1. net avoidance and escape reduces net efficiency [210];
2. direction of approach/ departure is not necessarily random. It has been shown in [209] that
approach is non-random, although fly movement is supposed to be random [81];
3. because of net avoidance by flies, net efficiency is assumed to be 50% [209] or 75% [187] or
100 % [210 ].

The suitability of any method of estimating trap efficiency depends upon the validity of the
underlying model of fly behaviour [187]. For example, tsetse locate odour sources by flying
in a biased ‘random’ walk [120], but once they come within visual range they switch to more
host-oriented responses [92]. However, flies around a host may not cease their random walk
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behaviour, such behaviour would mix arriving and departing flies to an indeterminate degree
[187]. Trap efficiency was found to be consistently lowest in the early morning, especially for
the biconical trap [187]. Also trap efficiency has been found to be lower in the early morning
than in the late afternoon [209]. The most likely cause of the low efficiency in early morning is
the lower temperature, also shown in [180] that if the temperature was below 31®C, catches in
biconical traps were strongly temperature-dependent, while temperature had much less effect on
the catch of the NG2B trap. Initial data from Kenya have produced estimates of trap efficiency
of about 30-40% for G. pallidipes and G. longipennis - values similar to those obtained from
incomplete ring of electric nets [187].
The advantage of complete-ring method over the incomplete ring method is that it requires
far fewer assumptions about fly behaviour. Also, fly approach does not have to be in random
directions, whereas the incomplete-ring method assumes that arrival at and/or departure from
the trap is in random directions, and the estimate of net efficiency is assumed to be 75% [187].
Dransfield and Brightwell [187] gave a pointer to the kind of work that I am doing when they
said that further work is still needed for us to understand fully the interactions between traps,
flies and hosts that will help us in improving control technologies especially given the importance
of odour bait technology in tsetse control.
Dransfield and Brightwell [187] gave a pointer to the kind of work that I am doing when they
said that further work is still needed for us to understand fully the interactions between traps,
flies and hosts that will help us in improving control technologies especially given the importance
of odour bait technology in tsetse control. Clearly, the trophic interaction models that I will
present illustrates that interaction between traps, flies and hosts, and the improved method
of quantifying trap efficiency to be presented reflects their conclusion that this will help us in
improving control technologies in the light of odour bait technology in tsetse control.

1.9 .2 N e w ap p roach to q u a n tify in g tra p efficien cy
As Mihok [113] aptly noted that finding out why a trap works well is not a trivial process. The
sources of variation for such an exercise can be many, and includes quantifiable, qualitative,
environmental, ecological, behavioural and anthropogenic. Including all these factors or a good
number of them can be a disaster because of the complex nature of the analysis that will follow.
In particular, the method of incomplete ring of electric nets has certain obvious shortcomings.
First, the assumption that flies approach the trap directly is not true since flies make several
approaches to a trap before entering or departing [92], and it is debatable whether they enter
and leave directly in random directions. Second, a major demerit of this method is that an
incomplete ring of nets around a trap reduced trap catch more than the model predicted [187].
Though the use of complete ring of nets around a trap to estimate trap efficiency entails fewer
behavioural assumptions, however, another major disadvantage of both methods is that they
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require an assumed efficiency level to be set for the methods, before quantifying the trap’s
efficiency.
The new approach to be presented in greater details in chapter 5 is analytical, and is a product
of the model analysis which assumes the traps as '‘killer-hosts\ The variational errors inherent
in the electric net approach are avoided because this new approach only uses vector and trap
related parameters essential to tsetse trophic interactions.

The key parameters in my new

approach of quantifying trap efficiency are: trap induced fly mortality; fly rate of diffusion;
trap rate of odour release and odour rate of diffusion. Similar to the association that develops
between flies and herbivore host, there is also a parameter that measures the association between
flies and the '‘killer-host'' which essentially sums up all the other qualitative attributes of a trap
that are attractive to the fly. Clearly, the number of catches that is evident in the electric
net approach appears in the new approach as part of trapping mortality.

Other than the

model assumptions no other assumptions are needed, and all parameters, save for measure of
association have been estimated in one way or another in [81, 133, 134] to name a few.
A key difference between my analytical approach and the electric net is that my model assumes
that flies move towards potential 'hosf, herbivore or trap in a biased random pattern, whereas
the incomplete-ring method in particular, assumes that arrival at and/or departure from the
trap is in random directions, and the estimate of net efficiency is assumed to be 75% [187].
The complete-ring method requires far fewer assumptions about fly behaviour [187], but suffers
from the fact we still need to prescribe an assumed net efficiency. However, the validity of
my approach is dependent on the models formulated, and hopefully, models that capture the
essential tsetse trophic interaction as illustrated in my model is likely to yield essentially similar
results.
Clearly, my approach addresses the major disadvantage of using complete or incomplete electric
net rings, that is, prescribing some assumed and hypothetical efficiency on the nets. To avoid
these hypothetical prescription would also need to estimate if possible the efficiency of the
electric nets! Certainly this is double work and impractical for the time being. The analytical
approach that I will present in later sections is better and straight forward because it avoids
these ‘extra’ drawbacks of measuring the 'efficiency of the method^ of measuring the 'efficiency
of the trap. By estimating the efficiency of nets prior to estimating the efficiency of traps, you
are introducing some variational errors which are absorbed by the final value of trap efficiency.
The methods that I will present avoids that, but rather only uses vector and trap related
parameters essential to tsetse trophic interactions.

1.10 Modelling tsetse trophic interactions
It is difficult to model control of tsetse population adequately without considering the host
factor and by extension the problem of animal trypanosomiasis in the case of cattle.

The
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physiological, behavioural and ecological factors affecting the interaction of tsetse (Diptera:
Glossinidae) and cattle are important in the epidemiology of cattle trypanosomiasis [133, 134],
these same factors are also significant in the interaction between traps, flies and hosts. Tsetse
models have shown that the feeding interval of tsetse flies {Glossina spp.) is one of the most
important parameters in the epidemiology of African trypanosomiasis [133, 134].

Fat and

haematin content in fed tsetse population are inversely related, and they are an important
indicator of the fly nutritional status [93].
Baylis and Mbwabi [131] reported that a model of blood-feeding by tsetse flies, G. pallidipes
supports a scenario in which the rate of blood consumption decreases as packed cell volume
(PCV) increases, because of increase in blood viscosity, and tsetse are unable to compensate
for the decrease in consumption rate by feeding for a longer time [131]. The PCV is a measure
of anemia in trypanosome-infected cattle, and anemia is the major symptom of African animal
trypanosomiasis [132].
Oksanen et al. [212] noted that trophic interactions can be traced to the formal studies on
trophic exploitation of the Lotka-Volterra predation models which are well explained by Murray
[67] together with other forms of Lotka-Volterra models. The main tsetse trophic interaction
model is three-dimensional, with plants as the ‘autotrophs’ are the primary producers that
are at the base of the food web and acquire most of their energy and nutrients from abiotic
sources in the environment [213]. On the other hand, herbivores and tsetse (carnivorers) are the
‘heterotroph’ since they are consumers and they consume the biomass of other organisms for
use as energy and material for their own biomass [213]. Tsetse flies exploit (feed on) herbivores,
and herbivores (exploit) feed on plants.
A three-dimensional model similar to what I have and dealing simultaneously with exploitative
herbivore-plant and carnivore (tsetse) - herbivore interactions has been developed by Rosenzweig
[214], where his three-dimensional exploitation model allowed an explicit consideration of the
dual role of herbivores - as predators of vegetation (plant quality in our case) and as prey of
carnivores (tsetse flies in our case). In the three dimensional model of Rosenzweig [214], plants
are assumed to compete directly with each other for some resources such as space, which set an
upper limit to the density. In our case, competition between the different trophic levels is not
catered for. What we have catered for is predation in the case of the heterotrophs (herbivores
and tsetse) and regeneration in the case of the autotroph (plant quality) over time.

1 .1 0 .1 T s e t s e d isp e rsa l m o d e ls
Researches done in the past on tsetse dispersal models has always had one main objective: to
control the menace of tsetse fly populations [81, 87, 92, 101, 102, 115, 123, 192, 206, 215]. Work
done by Williams et a l [81, 148, 204]; Dransfield et a l [146] and Brightwell et a l [84] on tsetse
control in Kenya is very elaborate and by far the most extensive fleld work from a modelling
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perspective.
Control of tsetse flies in relation to fly movement and trapping efficiency has been modelled
by Williams et a l [81], and in formulating their model they assumed a random walk in two
dimensions in which the fly move in a series of steps with the direction of each step randomly
distributed around a circle. From their work, they found that Fisher’s equation [67] which they
gave as

governs the growth and spread of the fly population. The state variable p(r, t) is the probability
density function of the fly position r = x\ + yj at time

a is the fly rate of diflPusion which is

taken to be constant; A* is the effective fly growth rate; K * is an effective carrying capacity,
and

= ^ 7 + ^ 7 is the Laplacian operator in

The equation (1.10.1) that they obtained was suitable for describing diffusive movements and
the changing fly population due to births, deaths and additional mortality rate imposed by the
traps. Williams et a l [81] imposed particular situations on (1.10.1) and solved it numerically,
and later refined the results under fleld experiments.

Among the several results that they

obtained, the most significant one was that in the presence of infinite fly diffusion and a fly
mortality rate limited only by the trap efficiency, then assuming that the radius of attraction for
baited traps is 100m, 1.9 traps km“ ^, or a mean trap spacing of about 720m would be required
to achieve a 99.9% reduction in 1 year. Assuming that the radius of attraction for unbaited
trap is 10m, 190 traps km“ ^ or a mean spacing of about 72m would be required to eradicate the
fly population. Under these conditions unbaited traps would not offer an economically viable
method of control over a large area no matter how mobile the fly.
The formulation of Williams et a l [81] model was based on two assumptions:
1. that the movement of tsetse flies followed an unbiased random diffusion; and
2. that the diffusion coefficient is constant.
The second assumption is acceptable, in this case it is reasonable to take the diffusion coefficient
to be constant to avoid unnecessary mathematical complications, though in a true sense it is
known that the diffusion coefficient is dependent on certain environmental and ecological factors
[216, 217, 218]. In the natural environment the first assumption does not hold true in many
situations. There are several ways in which the actual movement could differ from the strictly
isotropic random diffusion if the movement of the fly is directed in relation to an appropriate
environmental or ecological gradient [67, 81, 101, 207].

An environmental gradient can be

something like change in height over an escarpment, whereas an ecological gradient can be
something like changes in increasing odour concentration, host density or wind direction.
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The formulation of the fly trophic interaction model in this thesis utilizes the notion of biased
random walks to address some of these issues because of the heterogeneous environments that
tsetse flies have to operate in nature. Our use of a 1-dimensional model is justifled because,
Hargrove [31] reported that the use of 1-dimensional model in tsetse is appropriate because
generally tsetse moves (migration or immigration) in a 1-dimensional grid, also these models
are easier to analyze, and putting the traps on the edge of a fly belt minimizes the rate of
invasion which is dependent on rate of diffusion which strongly influences the rate at which an
invasion moves.
Hargrove [147] presented a model on factors that influence the limits to growth of tsetse pop
ulation and found that density-dependence in tsetse population acts only via birth and death
processes. Rogers [87] reported in his general model for tsetse population that density depen
dence regulates population size within limits determined by an interaction between the strength
of the density-dependent relationships and the variability of the seasonal density independence.
Rogers model was able to predict tsetse fly population changes in Lambwe Valley, Kenya and
other sites on the basis of the sites climatic conditions, and also noted that his models ad
equately described observed changes in tsetse populations without the need of making more
complex models.
There is a great interest by tsetse researchers to use of satellite data to model the abundance
and distribution of tsetse flies and other disease vectors [74, 96, 97, 219, 220] as correlated to
temperature, NDVI and precipitation [221]. Fly abundance is a product of both the density
independent abiotic mortalities (which may be predicted from satellite data) and density de
pendent biotic ones, and hence models developed for one area may not be extended to others
unless density dependent components are in some way described by satellite data [74].
Randolph [97] pointed out that very often the same satellite variable appears to be important in
the two rather different approaches. This is very true because the NDVI which we will use later
as an indirect measure for plant quality is applied for a wide variety of situations, so long as it
involves incorporating moisture saturation as part of the model description [145]. On the use of
NDVI, Rogers et al. [14] noted that NDVIs as a measure of greenness allied to vegetation cover
have been related to plant biomass production in the Sahel, and are now routinely used for
vegetation monitoring as part of famine early-warning systems. Vegetation monitoring involves
measurements of rainfall and saturation deficit, two variables to which tsetse are particularly
sensitive.

1 .1 0 .2 M o d e llin g tr y p a n o so m ia sis tr a n sm issio n
There has been a more concerted effort by various researchers to model the transmission dy
namics of human and animal trypanosomiasis [14, 133, 134, 154, 222, 223], than to model the
vector per se. However, Rogers and Williams [224] reported that many of the components of
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the ^basic reproduction number\ i?,o, are vector-related and a study of vector-borne diseases
must involve a study of the biology and ecology of the vectors concerned. Rogers et al. [14]
indicated that quantitative modelling framework is used to describe and explore features of the
biology of tsetse flies {Glossina spp.) which are important in determining the rate of transmis
sion of the African trypanosomiasis between hosts. They further reported that, in modelling,
many aspects of tsetse are purposely excludes may fascinating features of tsetse biology which,
although intriguing to entomologist, are irrelevant to the problem of the disease transmitted by
tsetse.
Rogers [74] observed that models of the African trypanosomiasis, as for most vector-borne
diseases, owe much to Ross’s pioneer modelling on malaria. MacDonald’s development of this
model provided the stimulus to modelling the more complex African trypanosomiasis as done
by Milligan and Baker [133] and Rogers [134]. Because of the complexity of these models [133,
134], they were generally solved only for the equilibrium predictions, and were used to estimate
the ^basic reproductive number^ of the trypanosomiasis, R q [225].

Like many other models

developed to describe different biological systems, it is difficult to justify whether a model for
tsetse population developed for one place apply to another, which has the same species but a
different habitat and probably, therefore different set of natural enemies of tsetse? [74].
A number of mathematical models, both analytical [133, 134] and simulation [222, 223] and
have been proposed to describe the African trypanosomiasis. The analytical models are derived
from formulations familiar to malariologist, the Macdonald model [14]. The equation used by
Macdonald describes the number of new cases of vector-borne disease which arise at some time
in the future from one case in the present time. This quantity - sometimes called the ^basic
reproductive rate' or ''basic reproductive number^ of the disease, and represented by R q is defined

as

%

=

ur

(1.10.2)

where a is the vector biting rate (i.e. the reciprocal of the feeding interval), m is the ratio
of vectors to hosts, b and c are the coefficients of transmission from vector to the vertebrate
and vertebrate to vector respectively, u is the vector mortality rate, T is the incubation period
within the vector and r is the rate of recovery of the infected vertebrate from infection. The
following are well-established tenets of disease epidemiology:
a), for disease to persists, i?o > 1;
b). an increase in R q will increase the rate of disease spread after initial introduction in any
area;
c). to control the disease, i?,o < 1;
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d). to eradicate the disease,

< 1 for a sufficient period of time for the disease to drive itself

to extinction.
This equation (1.10.2) shows that disease transmission rates are determined by neither the
abundance of tsetse nor the abundance of hosts per se, but by the ratio of these two values,
m. The importance of odour in host location, at least for the m orsitans group has been shown,
as flies feed on a wide range of hosts, and on some hosts more readily than on others, overall
disease transmission rates depend on the precise composition of the choice of host species among
local tsetse, the abundance of each host species, and its susceptibility to infection. The ratio
of tsetse vectors to hosts, m (1.10.2) increases as fly density increases (i.e. fiy numbers are
more variable than host numbers). Rogers et al. [14] further reported that the abiotic factors
which affect tsetse mortality rates include temperature and atmospheric moisture on the adult
fly. The first two factors tend to be related, as important interactions occur at or around hosts,
resulting in density-dependent feeding success of the flies.
For any given individual host, the chance of a fly obtaining a bloodmeal appears to be affected
by the number of other first present near the host and by the responses of the host to being
fed upon. Thus, as the ratio of flies to hosts increases, the chances of flies feeding decrease,
possibly leading to an increase in fly mortality, although this has never been directly quantified.
Rogers et al. [14] further noted that younger flies are most easily infected with T. congolense
than older flies, and this effect is even more pronounced in the case of T. brucei, where flies
are almost refractory to infection after the very flrst blood meal unless they are much older
or starved. Temperature is another factor affecting the infection rate of flies, especially with
T. brucei. Fly puparia incubated at higher temperatures produce flies which are more easily
infected than flies incubated at lower puparial temperatures.
Another obvious factor affecting the values of the transmission coefficients as reported by Rogers
et al. [160], is the nature of the host and the parasites. The demonstration that transmission
coefficients which are normally low may be artificially selected to reach higher levels implies
that infection of flies with trypanosomes necessarily entails some cost to the fly in terms of
survival or reproductive output. The importance of the transmission coefficients cannot be over
emphasized, despite the very small number of experiments which have attem pted to measure
these using stocks with minimal laboratory history. Trypanosome transmission is as sensitive
to changes in these coefficients as to changes in the ratio of vectors to hosts, and both factors
are important.
In comparing statistical and predictive models to describe disease transmission, Rogers [74]
reported that statistical models can give impressive descriptions of spatial variation in risk but
are generally poor at predicting temporal variation in risk because the varying time delays
that operate in disease transmission systems are not well captured by the statistical approach.
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Predictive models, on the other hand, are properly based on a description of the biological
interactions between species and therefore, in theory, predict variation through time rather
well. Such models, however, tend to be developed for relatively small areas (because they are
based on local, intensive studies), and so are poor at describing large area spatial variation [74].
Rogers [74] further noted that the relative strengths of statistical and biological descriptions
of disease processes through space and time suggest that their combination should provide us
with new and powerful tools for combating complex tropical diseases. Such combination may be
brought about by exploiting remotely sensed satellite data that provide habitat description for
the descriptive approach and measures important driving climatic variables for process-based
models and the predictive approach.

1.11 Dispersion of odour attractants
The use of odour attractants increases the trap catches of savannah flies by up to 30 times [194,
226]. Among other things, this has been taken to mean that they increase the distance from
which flies are attracted to traps. Williams [206] noted that if we are to fully understand how
tsetse flies find the source of an odour, we need to know how odours are dispersed by wind in
typical tsetse habitats. One particular problem is that we do not know the structure of the
odour plume that the flies follow [101], hence glossinologists (experts in tsetse flies) have usually
applied with limited success models developed for pheromone dispersion [207, 227] or smoke
dispersion [101, 205] illustrated in Figure 1.9, to dispersion of host or target odours.
A likely distribution of odour concentration is that of very patchy and small volume of high
odour concentration dispersed over the circle of attraction with very low concentration in be
tween [101, 206]. As the odour plume is blown downwind, it rotates about its own centre of
gravity making the odour profile develop a pattern of several spherical odour balls (Figure 1.9)
that expand as they move in the downwind direction [92, 101, 205, 207, 209, 228].
As odour molecules disperse from the source the odour concentration in the air declines with
increasing distance from the source. The expanding odour ball encloses a certain volume of air
that constitutes an

active space^’ with a threshold value sufficient to produce a behavioural

reaction in the receiving organism [227]. The threshold value is clearly dependent on the wind
speed which influences rate of expansion of the odour ball and hence odour dispersion and
concentration.
Bossert and Wilson [207] were among the flrst to use diffusion equations to estimate pheromone
concentration and the active space dimensions in a variety of situations.

They considered

diffusion of pheromones in four cases: (1) instantaneous emission in still air; (2) continuous
emission in still air; (3) emission of substance from a moving source; and (4) continuous emission
in a wind. In nature, the fourth case is more appropriate since most odour signals such as the
herbivore host odours are carried downwind and are dispersed by winds and turbulent eddies.
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Figure 1.9: The meandering and expanding spherical odour (=srnoke) ball moved by a c. 0.25
m

wind in woodland. The smoke issued from a point source 15 cm above ground level

(at black spot). Each of the tracks show concurrent movements of different segm ents of smoke
plume transcribed from a video recording taken from 8 metres overhead [101].

1 .11.1 S u tto n ’s and G au ssian m od els o f od ou r d isp e rsio n
Use has been made of Suttons equation (1.8.1) to model odour dispersion from a single, continu
ously em itting source [207, 227], because unlike in still air which allows a limited communication
range, it is advantageous for communication to have a range of several hundreds of meters so
that distant organisms can be attracted. This is possible only by taking advantage of wind
as a medium of transportation. The wind does more than just move the odour molecules in
the direction of how, it creates turbulence in the medium except under unnatural conditions of
constant flow in space and tim e and absence of nearby boundary surfaces. The density function
C in molecules per cubic centimetres (mol cm “ '*) assuming the source has been em itting for a
long tim e has the form given as

C (z,?/,z)

-

2//
exp
nCyCz U()X2 - n

.n — 2
- X

^ + — I
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where C { x , y , z ) is concentration at any point { x , y , z ) with axes aligned so that x is the mean
downwind direction, y the cross wind and z the vertical direction, fi is constant rate of emission
in m olecules/sec (mol s^^), in a steady wind velocity

uq

(cm s “ ^), Cy and

are the respective

horizontal {y) and vertical (z) coefficients of dispersion which can be functions of n, wo and
macro viscosity’’^ (measure of surface roughness), n is an undetermined index (0 < n < 1)
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that varies with the vertical wind speed profile with equation ( 1.8 .1) holding quite well for
n =

Assuming that there is some threshold density K mol cm “ ^ such that animals receiving

the communication of the odour respond to concentrations of the odour oi C > K then the
maximum distance downwind when C > K is given as

\-n
( 1 . 11 . 2 )

\KirCyCzUo

Sutton’s equation belongs to the class of models known as Gaussian dispersion models in
which the concentration of odour along any axis perpendicular to the downwind direction
(x) is assumed to follow a normal or Gaussian distribution, and these models assumes a timeindependent emission from a line source. It incorporates the wind component normal to the
source and assumes a two-dimensional dispersion, and finally the Gaussian plume model de
scribes a point source emitting at a constant rate, /u [229]. The dispersion coefficients determine
the width of the plume and thus are related to the standard deviation of the concentration along
the cross wind {y) and vertical (z) axes.
Sutton’s model has been modified to follow a more general Gaussian plume equation [112, 205,
229], where the local time rate of change of concentration of an atmospheric puff or plume is
equal to the sum of the time rate of change of concentration of the plume due to advection
(transport of an odour plume or puff due to action of the wind), diffusion, chemical reactions,
sources and sinks. The total time rate of change of concentration of a plume is the local time
rate of change minus the advection term. The total time rate change is expressed as

dc
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where C and

uq

(1.11.3a)
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(1.11.3b)

have the same meaning as in (1.11.1), Dx, Dy and Dz are diffusion coefficients

in the various coordinate directions, R is a generalized reaction term and S is generalized source
and sink term. The coordinate system is oriented with the x-axis in the direction of the mean
wind speed and the z-axis vertical. The three diffusion terms relate the rate of concentration
decrease due to volume expansion as the plume expands along each of the principal axes.
Reactions, sources and sinks are expressed only in general terms in (1.11.3b). When the specific
processes are identified, the proper relationship can be substituted [229].
At steady state ^

= 0, (1.11.3b) may be solved by Laplace transforms to yield

C { x ,y ,z )

=

exp

1 / ^

(1.11.4)
O’
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where

C7y — 2D yt —

—

(1.11.5a)

a l = 2D J, = 2D^—
liO

(1.11.5b)

are the dispersion coefficients (cm^) that are related to plume width {y) and height (z) [205,
229]. These parameters are equal to the standard deviation of a bivariate Gaussian distribution
since the assumption is that of an instantaneous generation at a point or from the line or plane
through the point or line source.

1 .1 1 .2 D iffic u ltie s in a p p ly in g S u tto n ’s an d G a u ssia n m o d e ls
Sutton’s equation (1.11.1) and the Gaussian plume model (1.11.4) are not easy to apply in a
tsetse control programme because:
1). they contain many parameters that are not easy to determine, also some like the dispersion
coefficients in (1.11.1) or (1.11.4) depend upon atmospheric stability and vary with the
downwind {x) distance [112];
2). these models work best under conditions of neutral atmospheric stability where molecular
diffusion is predominant and yet we know that atmospheric conditions are often not neutral
with turbulent diffusion being more prominent [227, 229];
3). it is difficult to use the models to predict concentrations at fixed locations downwind because
they do not predict the meander of the plume centre line;
4). these models assume flat terrain and it is not easy to adapt them to patchy or heterogeneous
environments to suit particular and specific situations;
5). these models treat organisms (odour attractant) as though they are inert gases and yet
odour decay might be an indication of the odour undergoing a chemical process [229].
The odour dispersion model to be presented in the next section as part of the population inter
action model will have fewer parameters and will also address some of the issues raised above
save for number (5). These models will also be time-dependent and hence can be incorporated
into any stability analysis to be performed.

One aspect that the formulation of our odour

dispersal model will have to concur with (1.11.1) and (1.11.4) is that odour concentration or
the size of the odour

active space” and the maximum distance of communication decrease

with increasing wind speed. Various studies have documented a decline in the communication
distance at increasing wind speeds [227].
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Chapter 2
FORMULATION OF INTERACTION MODEL
2.0 Introduction
Chapter 2 presents the formulation of ^Interaction Diffusion Equations^ (IDE), a system of
1-dimensional partial differential equations (PDEs), that forms the basic model system that
describes the trophic interactions between densities of the vector fly, N{ x, t ) ] herbivore hosts,
concentration of odour attractant, C{ x, t ) and plant quality, P{ x, t ) .

The meaning

and units of the state variables N{ x, t ) , H{ x, t ) , C{ x, t ) , P { x , t ) together with their related
parameters used in the IDE system are given in the list of symbols and notations that is
presented on pages 16-20.
The model contains two general equations distinguished by the terms ^organism^ and '‘attracta n t\ which are derived separately and then adapted to the individual ‘organism’ or ^attractanf.
The specific adaptation depends on the biological and environmental behaviour of the model
component under consideration. The term ‘organism’ as used here refers to the component
being attracted, and ’'attractant^ refers to the attracting component. Thus, vector flies are at
tracted by odour and herbivore hosts, hence flies are ^organisms' and odour and herbivores are
‘attractants' to the fly. On the other hand, herbivores are attracted by plant quality and other
conspecifics, hence plant quality is an ^attractant', but herbivores are both ^organisms' because
they are attracted to the plants and attractants' because they attract each other besides of
course attracting the flies. All these attractive behaviours are elegantly captured in the IDE
model system to be presented in later sections of this chapter.
The first general equation derived is the ^’organism taxis" term, which models the population
dynamics, diffusionary movement of the ^organism' and its interaction with the ’' attractant'. The
organism movement is characterized by physically moving on their own towards the attractant
or source of attractant, as a result of certain physical and/or chemical activation. The second
general equation derived is the ’’'attractant taxis" term, which models the dynamics, diffusionary
movement of the ’attractant' and its interaction with the ’organism'.

2.1 Summary of main results
Despite the absence of any detailed analysis in this chapter, certain key results arising from the
model formulation have important ecological implications, whose effect will become apparent
in later sections of the work to follow. The following are the key results from this chapter:
1). A system of partial differential equations to be called ’Interaction Diffusion Equations'
(IDE) that describes the core trophic interactions between ’migrant' herbivore disease vec
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tors (tsetse flies), herbivore hosts, host odour attractants and plants is derived as (2.5.5).
These system of equations relates the population dynamics of organisms and their movement
as a result of attractant effect.
2). The IDE system has both non-spatial and spatial components. The non-spatial part is
shown to describe the dynamics of the affected population through density-dependent
processes of births, deaths, physiological upkeep, regeneration and maintenance. The spatial
part is shown to describe the diffusionary movements of organism!’ or

attractanf’ which

has the potential of either (i) - altering the stability characteristics of the system; or (ii) smoothing out instabilities such as those resulting from strong interactions between preda
tors (tsetse and herbivores) and prey (herbivores and plants), or even sometimes creating
conditions for instabilities.

2.2 Key features of the IDE model system
The dynamics of plant-vector-host-odour interactions forms the basis of a “guasz” tri-trophic
food chain model. There is a complex plant-host, host-vector and vector-odour interaction
that takes place to form the food chain model that we want to investigate. The host is the
herbivore vertebrate that feeds on plant vegetation. In a strict sense, host or trap odour (chemoattractant) is not part of the food chain but it has an important role to play by acting as a
partial ^Hntermediarÿ’ between the fly vector and the herbivore host. It is the principal agent
besides visual contact that brings about the interaction between the two organisms by being the
attractant of the vector (tsetse fly) to the target food source (herbivore host or baited trap). We
shall investigate these interactions by use of suitable reaction-diffusion equations that will be
formulated at a later stage based on certain assumptions. Usually, reaction-diffusion equations
give a continuous time description of spatial population dynamics.
From theory [64, 67, 230], we know that if n(r, t) is the concentration (mass cm"^) or density
(mass cm “ ^) of some organism at position r G

in time t and D is the diffusivity (cm^ s“ ^)

of the organism, then by the general conservation law we know that the rate of change of the
amount of matter in a given region, say Q, is equal to the rate of flow across the boundary, 5D,
plus any material that is created within the boundary [67], hence the conservation equation for
n is of the form

3n
— + V - J = F ( n ,r ,i)
where n G Q,

t G M'*’ = [0,oo),

(2.2.1)

J is the flux-density (mass cm “ ^ s “ ^) of the organism

(i.e. the amount of chemical or number of animals or cells proportional to the gradient of the
concentration of the organism) and F represents source of organism and may be a function of
n, r and t. If the diffusion is Fickian [208, 216, 217, 230], then
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J = -DVn

(2.2.2)

and if we let F — F{n) (i.e. F is only dependent on organism concentration or density) then
(2.2.1) now becomes

3n
— = F{n) + V ■(D V n)

(2.2.3)

where D may be a function of r and n which measures how efficiently particles (organisms)
disperse from high to low densities [64, 67, 231]. If we generalize (2.2.3) to several interacting
organisms we have an interacting population diffusion system of the form

^

= F (n ) + V • (D V n )

(2.2.4)

which are coupled systems of parabolic partial differential equations [65, 232, 233, 234]. The
vector n can be a vector of chemical concentrations or population densities of different organ
isms. If we cissume that D is a diffusion matrix of constant diffusion coefficients then we now
have that

^
in M”

X

[0, g o ) and

= F (n ) + DV ^n

(2.2.5)

is the Laplacian operator, n = n (r , t) is the vector of dependent variables

and F (n ) is a non-linear vector valued function of n (the reaction terms). In equation (2.2.4)
V n is a tensor so V • (D V n ) is a vector.

The reaction term derives from any interaction

between the components of n; for example, n may be a vector of chemical concentrations or
population densities, whereas F (n ) can represent the effect of chemical reactions or predatorprey relationships or a term describing birth and death processes, and the diffusion terms D
may represent molecular diffusion or some random movement of organisms in a population [64,
65, 232, 235]. Crank [216] and Murray [67] have presented detailed derivations of (2.2.5). The
existence and uniqueness of its bounded solutions under various boundary and initial value
conditions are well outlined [64, 65, 66, 85, 216, 232, 235, 236].

2.3 Model derivation and continuum description of motion
It is well known that (2.2.1) holds for a general flux transport J whether by diffusion or some
other process [236]. We now state our first set of assumptions
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A s s u m p tio n 1
a), dispersal is assumed to be random in the sense of Brownian motion;
b). “all” species are dispersing in the sense that they are all subject to the varying spatial
coordinates r = r(a;, y, z) G

and time t.

Let us suppose that there are two groups of biological organisms labeled A and B interacting
and diffusing in space and time in such a way that there is some element of attractancy between
group A and group B or members of the same species (conspecifics), if we let their population
densities or concentrations or some measurable concentration of “gua/iiy” be n and q respec
tively then from (2.2.1), the dynamical changes of n and q can be represented by equations of
the form

^

=

F(n,q)-V

J(”>

=

G(n,q)-V-J(o)

(2.3.1a)

(2.3.1b)

where F and G are vector valued function describing the respective reaction terms of organisms
n and q,

and

are the respective fluxes associated with organisms being attracted (to be

called “organisms” with closed and open quotes) and those that are the attractants (to be called
“attractants” with closed and open quotes). These fluxes can further be brokeninto fluxes due
to random diffusion, attractancy and convection indicated by the following relationship for an
arbitrary biological population, p

(d) ^

(a) ^

(c)

where p can either be n ( “organisms”) or q ( “attractants”), and
is the flux due to attractancy and

is the flux due to diffusion,

is the flux due to convection. Note that some

members of n can also serve as attractants (q) especially in cases of herbivore hosts where it is
known that in the grazing field members of same species always move to locations where other
conspecifics are present [237, 238, 239]. In that case, some members of n can be regarded as
“organisms” whereas other members can be regarded as “attractants”, hence an “organism”
can have more than one “attractant” and for that reason we now have that

Q — {çij Q.2 i *■■ ) Qk—\i Qki 9fc+i)

5

Qi\

(2.3.3a)
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where qk is the “fc^^-attractant” out of a total of i “attractants” . In the 1-dimensional case,
if we assume that the density of “organism” is n, then the reaction term for the “organism”
depends on all the “attractants”, that is.

F (n ,q )

=

F ( n ,91, 92, " '

(2.3.3b)

but the reaction term for the “fc*^-attractant” depends only on itself and n, that is G(n, 9%).
Hence, (2.3.1) can now be written as

^

W
where

and

(2.3,4a)

=

(2.3.4b)

are the respective z-component of the total fluxes of the “organism” and

“A:*^'-attractant” inthe x direction. An

important fact is that pure-attractants^^

and odour plume are not attracted by “organisms”,their movement

such

as plants

is basically dispersive in

nature hence the flux term in (2.3.4b) will be of the form

+
since it is only flux due to diffusion

(2.3.5)

and convection

^ that are important. For “organ

isms” such as herbivore hosts or tsetse flies the convective term is absent since their movements
is non-assisted hence their flux term will have the diffusion,

^

attractive,

’ compo

nents of motion. Therefore the flux term in (2.3.4a) will be of the form

+

(2.3.6)

The average wind speed is 3 m /s [82], and the average speed of tsetse flies is 5 m /s [81] and
since tsetse travel in an upwind direction following the odour trails, then prevailing winds will
only influence the fly motion if the wind speed is greater than that of the fly [86]. In fact at
high wind speeds flies are not able to pick up odour trails because odour particles are scattered
more rapidly reducing the intensity of the odour active space” that can be detected by the fly’s
antennae. If we now classify the general movement of “organisms” and call it ^^organism-taxis^^
and the general dispersion of “attractants” and call it
in a more general form as

attractant-taxi^\ we can write (2.3.4)
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Qfl
—

=

F (n, q) + ^^organism — taxis"

(2.3.7a)

=

G [n^ Q k)'"''attractant —taxis"

(2.3.7b)

W ithout loss of generality, we now formulate general movement terms for the “organisms” and
“attractants” and then adapt the derived formulations with some variations to the different
specific situations under investigations. From (2.3.7) it is worth noting that
1). reproduction and survival of “organisms” (n) correlates positively with “attractant” quality
(q), i.e. an increase in “attractant” quality causes a corresponding increase in the population
of the “organism” F (n , q); and
2). “organisms” regulate themselves through density-dependent deaths. At high “organism”
densities (n),

a further increase in n results in a decrease in F (n , q).

Attraction among individuals leads to aggregative movements which arebiased towards areas of
high population density. However, aggregations can arise only if mutual attractions are strong
enough to dominate the dispersive effect due to random motion. Gregarious behaviour is an
important behaviour influencing survival and reproduction of animals, as well as population
interactions.

For instance, both theory and experiments suggest that gregarious behaviour

can increase an animal’s chances of avoiding capture by a predator. An aggregated pattern of
animal distribution may also affect the outcome of population interactions [239].

2.4 The general IDE model system
The complete derivation of the general IDE model system is presented in Appendix 2, where
Appendix 2.1 explains the derivation of the ''organism taxis^^ term, and Appendix 2.2 explains
the derivation of the "attractant taxis’^term. Equations (A2.1.28) and (A2.2.6) now gives us our
full IDE set, which is the general population interaction diffusion system. For ease of reference
we now formally state the general IDE model system to be represented by

where q = {91, 92} and qk is any “attractant” for k = {1 ,2 }.

If we now take the density

functions n{ x, t ) and qk{x,t) to be Lebesgue square integrable in a one-dimensional domain
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Q C M. It now follows that if £^(Q) is the Lebesgue square integrable space in the domain ÇI
then

Inll^

J

—

\n\'^dx < oo

(2.4.2a)

Jlqkf^dxKoo

(2.4.2b)

n
Ikfell^

=

n
are the respective norms with dx being an ordinary Lebesgue measure on the line, and if we
ignore the time variable t we have

<n,qk>

=

J

n{x)qk{x)dx

(2.4.3)

Q.
is the £^-inner product.
The general models developed as (2.4.1) relate behavioural patterns of interactions between
“organisms” and “attractants” to population level phenomenon. Guidelines for constructing
and developing such behaviourally based movements from the theory of random walks and
diffusion process are well documented in the literature [208, 230, 240, 241, 242]. These guidelines
have been used by Lewis [238] and Turchin [239] to model aggregative behaviour and spatial
patterns of some insect herbivores. Similarly, I have used this diffusion framework to describe
random and attractive movements, where I began with a simple but generalized formulation of
the problem and ended up with (2.4.1).
For real aggregating “organisms” like aphids [Hemiptera aphididae) there is a limit as to how
many “organisms” can be packed in a unit space, hence movement has to become repulsive once
a certain density, say cp is exceeded [239]. Thus if we now consider a i to be the ^''conditional
association^’ that animals move to an adjacent position conditioned on the presence of other
animals, then a* will be a function of the “organism” density n, ai (n), its shape being deter
mined by details of the “organism” behaviour. For instance, Turchin [239] assumed a linear
relationship having the form

ai(n)

=

CKO

(2.4.4)

where the constant 0 < ckq < 1 is maximum degree of gregariousness (at n = 0) and <p is critical
density at which movement switches from aggregation when n < (p t o repulsive when n > (p.
If n = 0 then a*(0) = ckq implies that animals will move to the adjacent position because there
is still space to accommodate them, but it n = (p then ai{(p) = 0 and this implies that animals
will not move to the adjacent position because the maximum density ip for that position has
been reached hence, they will be repulsed and have to move to other positions.
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However, taking at as constant in (2.4.1a) is a reasonable assumption for over-dispersing “or
ganism” population, since one of our assumptions (Assumption 1(b)) was that all species are
dispersing hence it is acceptable to take ai as constant. I will now indicate how to adapt (2.4.1)
to specific trophic level functional groups which are the components of the IDE model system.
The state variables will be: P = P{ x , t ) - measure of the plant quality; H = H{ x , t ) - density
of herbivore hosts; N = N { x , t ) - density of vector population (tsetse flies); and C = C{x^t) concentration of odour plume.
The functional groups will follow the general pattern of trophic interactions that can be traced
to the formal studies of trophic exploitation of the Lotka-Volterra predation models [67, 212],
where it was noted that the different levels form a hierarchy in which each level extracts energy
from those below and contributes energy to those above, with the ultimate source of energy
being the sun and the stack of trophic levels acting as a sink. W ithin the food chain model
under consideration, plants are the ‘primary' source of food as the autotroph, herbivores are
the ‘secondary' consumers and vector flies are the ‘tertiary' consumers, with both consumers
being the heterotrophs [212, 213]. The odour component is not a food level, it is a link or
intermediary between herbivore hosts and vector flies.

2.5 Specific components of the IDE system in (2.4.1)
2.5 .1 T h e p la n t c o m p o n e n t
Herbivory theory advocates the inclusion of factors that aflFect herbivore sustenance but are in
dependent of plant biomass, since different herbivores react differently to different plant biomass
and vice-versa, hence “plant qualiti/' rather than plant abundance will be used. Plant quality
is an index of how a food plant might be “rated” by a herbivore on a purely arbitrary scale.
Included in any consideration of plant quality are: internal nitrogen, concentration of noxious
defence substances, succulence of foliage, toughness of stem, amount of resin and function of
plant [237].
Plants do not move in the sense of physical translocation hence the movement term in (2.4.1b)
is zero (fiux

= 0) but they are still subject to spatio-temporal changes due to variations

in plant quality and abundance in the natural environments (Assumption 1(b)). Hence, plant
quality P — P{x^t) or plant biomass is a function of both space and time [243]. For a given
finite habitat such as a patchy environment, plant quality is a localized feature with a maximum
plant quality, P = P (z ), that is only depended on its spatial location. Therefore, the plant
component will be governed by a particular form of (2.4.1b), which we take to be

where the constants p 2 , Ps and

are non-negative. The explanation of (2.5.1) is as follows:
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1). “organisms” such as herbivore hosts, of density H, that feed on plants will damage plants
and possibly induce some defence mechanism thereby reducing plant quality at a rate p^.
An increase in H results in further reduction in plant quality { —pA,H)\
2). plants will maintain and self-repair the damage through compensatory effects where nutri
ents and resources are channeled to critical areas that have been damaged at the expense of
others at a rate p 2 so that in the absence of hosts { H = 0) the plants self-regulate themselves
and eventually level off at the optimum value, P{x). When herbivores are around {H > 0 ) ,
there is a reduction in plants compensatory response by hosts at a rate ps hence, we assume
that plant quality is further reduced by a factor of ^ 1+^3/ / ^• Therefore, the overall plant
quality regenerative term is p 2
Edelstein-Keshet [237] and Lewis [238] pointed out that many plant vegetation exhibit me
chanical, physiological and chemical responses to effects by herbivores. In some cases, these
responses take place in the form of active induced defence or delayed repair and maintenance
which subsequently lowers survivourship, growth rate and plant fecundity hence, the overall
plant quality is reduced.

2 .5 .2 T h e h o s t c o m p o n e n t
All herbivore hosts, H, whether domestic cattle or wild game react to two “attractants”, varia
tion in plant quality, P , and to conspecifics. An increase in plant quality, P , favours an increase
in host populations, P , which is regulated by natural mortality for wild game and by some other
factors (to be explained later) for domestic cattle.

2 .5 .2 .1 W ild g a m e as fu n c tio n a l grou p
Wild hosts like buffaloes and warthogs have developed natural immunities against tsetse in
fections. Therefore, if we use wild game as our functional group then mortality from tsetse
infections among this group is mild due to the process of adaptation and evolution, hence we
only cater for the fly-dependent reduction in birth rate.

The host component will now be

governed by a particular form of (2.4.1a) which we take to be

w=rfS ■

('''S■ (“'?£+“"S'))

(2.5.2a)

where the constants 771, 772, 773, P / /, Aq, o i and 0:2 are non-negative. The explanation of (2.5.2a)
is as follows:
1). wild hosts of density H maintain their physiological upkeep at a rate 771 by interacting and
feeding on plant vegetation having plant quality P . The benefits to the wild game is the
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term rjiPH. The presence of tsetse flies of density N disrupts this physiological upkeep
at a rate 772 hence, we assume that the wild game physiological upkeep is reduced by a
factor of

^ ith this factor increasing with fly density, N .

game upkeep term is

Hence, the net wild

further assume the wild game mortality rate to be 773

resulting in a reduction of —rj^H in the overall wild game population. Mortality rate has
been combined to include death resulting from natural causes, predation, drought, game
hunters, competition for resources just to name a few;
2). the movement term has been adapted from (2.4.1a). Movement by wild game is governed
by two factors:
(a), diffusion movement represented by the flux term

^^\d)

-

(2.5.2b)

where jD// is the host coefficient of diffusion and k\ is the probability of random move
ment in the absence of “attractants” ;
(b). attractancy movement represented by the flux term

=

4

%

— AD h

+

0:2

^ -\-ADfj ^H a2

(2.5.2c)

^

(2.5.2d)

where the first term on the right hand side of (2.5.2d) is movement of host towards
increasing plant quality gradient with oii being a measure of association between hosts
and plant quality. The second term on the right hand side of (2.5.2d) is movement of
host towards increasing conspecifics gradient with 0:2 being a measure of association
between hosts and their conspecifics.

2 .5 .2 .2 D o m e s tic c a ttle as fu n c tio n a l grou p
Using domestic cattle as our host component in the model system is appropriate as it is has
more relevance to the farmers, but it is more challenging than using the wild game as the host
component. Some of the difficulties one would encounter are:
1). domestic cattle do not have a natural birth or death rate similar to what you would expect
in natural environment. There are several man-made decisions that influence in a significant
way host densities, for example

I ll

(a), economic - selling or buying of stock to meet financial commitments and obligations;
(b). cultural - killing or giving away of stock for cultural purposes such as festivals and
weddings;
(c). drought - farmers will not let their stock die of drought similar to what happens to
wild game. If the drought intensifies, farmers usually sell oflf stock to meat sellers to
avoid unnecessary losses from death.
These factors can reduce a farmers stock independent of any threat from tsetse flies. There
fore, we can term them as

tsetse-freé’’ factors.

2). movement of domestic cattle is not random in the true sense of the word because herders will
always try to direct the herd where there is plenty of pasture and water. In cases where there
are paddocks or ranches, movement becomes even more restrictive. Nevertheless, animals
in a herd will display gregarious behaviour that is common in nature among animals [239],
and moving towards areas of increasing plant quality [238];
3). sometimes farmers try to protect their herds from disease induced deaths by moving their
stock to colder areas that are free of tsetse flies however, in most cases this does not work
as these colder areas are usually occupied by crop farming communities. Hence, there is a
significant mortality and morbidity resulting in reduction of the birth rates that is brought
about by tsetse infections.
Therefore, if we use domestic cattle, then the host component will now be governed by a
particular form of (2.4.1a) given as

^

( *=’ S

-

(“’£ +

“^ S ) )
(2.5.2e)

where the constants 771, 772, 773, D //, k\, CKi and CK2 are non-negative. The explanation of (2.5.2e)
is as follows:
1). domestic cattle of density H maintain their physiological upkeep at a rate 771 by feeding on
plant vegetation having plant quality P. Hence, the term r]\P H can be interpreted as stock
replenishment. We assume that stock is depleted at a rate 773 by a combination of factors
hence, the term -rj^H represents the number of farmers stock reduced from his herd by
’Hsetse-free'’ factors. Tsetse flies with density N imposes a disease induced mortality of 772
which complements the reduction in herd size by ^^tsetse-freé^ factors, therefore, the tsetse
induced reduction in herd size is represented by the term —773772Arif;
2). the movement term has been adapted from (2.4.1a) and is similar in all aspects to the
explanation given for the wild game.
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Gueron et al. [244] have modelled the dynamics of herds in which they argued that the motion of
an individual in a herd is a combined result of both density-dependent and density-independent
decisions. However, in the presence of surrounding neighbours, movement decision rules are
hierarchical, balancing short-range repulsion against long-range attraction. Turchin [239] re
ported that gregarious behaviour is common in nature, since animals spend part or all of their
life in groups, therefore, attraction among individuals leads to movement which is biased to
wards areas of high population density, so that aggregative behaviour can arise only if mutual
attraction is strong enough to dominate dispersive effects due to random motion.
Edelstein-Keshet [237] and Lewis [238] have shown that herbivore movement behaviour include
the tendency to move up gradients of increasing plant quality and to aggregate over a range of
spatial scales for increased feeding efficiency. It is worth noting that the non-spatial models of
(2.5.2a) and (2.5.2e) have the same equilibrium points. Because of the natural conditions that
wild game live in, they are the more appropriate choice as our host component in the model
system compared to domestic cattle. However, we shall use the domestic cattle model (2.5.2e)
as these herbivores are more relevant to the farmers from an economic perspective.

2 .5 .3 T h e v e c to r ( ts e ts e fly) c o m p o n e n t
The vector population, AT, react to two “attractants”:
1). to variation in odour concentration, C; and
2). to variation in host density, H. Included in any consideration of hosts as “attractants” are
qualities such as:
(a), size - large hosts are preferred to smaller ones;
(b). suitability for feeding on - stationary hosts are preferred to mobile ones;
(c). past encounters of host with vector - tsetse flies are more adapted to feeding on certain
types of hosts more frequently as compared to others with black hosts preferred to
brown or white hosts;
(d). size of herd - bigger herds are preferred to smaller ones. This can possibly be attributed
to the fact that the cumulative factor of odour concentration will be larger for larger
herds.
All these factors are “rated” purely from the point of view of a vector. An increase in herd
density, 77, favours an increase in vector population, N , with vectors assumed to suffer only
from natural mortalities. Hosts that have been weakened by diseases are not usually attractive
for feeding by vectors, unless vectors are overburdened by hunger and hence will try to feed on
“anything” that looks like moving. In the literature review, I did not come across documented
cases of tsetse flies feeding on dead animal carcasses. Possibly this is due to the fact that blood
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in the veins of dead animals is coagulated and hard hence, it becomes difficult for tsetse to suck
through the proboscis (Figures 1.3 and 1.4). Also the fly’s sophisticated detection system needs
to sense movement and certain odours from the host which is not possible with dead animals.
Therefore, the vector component will now be governed by a particular form of (2.4.1a) which
we take to be

Ï

A

_ 4JV

+
(2.5.3a)

where the constants v \, V2 > 0,

is vectors diffusion coefficient, (3\ is a measure of association

between tsetse flies and odour quality, (32 is a measure of association between tsetse flies and
host quality and 0 < /c2 < 1 is some random component of motion which is the probability of
random motion in the absence of any attractant. The explanation of (2.5.3a) is as follows:
1). tsetse flies
feeding

of density N maintain their population at a growth rate

byinteracting and

on hosts having density H. The overall benefits to tsetse population is shown by

the term v \ N H . We further assume that tsetse suffer a combined natural mortality rate of
V2 resulting in a reduction of - v N in the net fly population;
2). the movement term has been adapted from (2.4.1a). Movement by tsetse flies is governed
by two factors:
(a), diffusion movement represented by the flux term

=

-k2D ]\[-^ —

(2.5.3b)

where Dy\r is the host coefficient of diffusion and k 2 is the probability of random move
ment in the absence of “attractants” ;
(b). attractancy movement represented by the flux term

•^(i)^

=

^Dn N

= 4Z)tv

^

+ A

+ 4Z?/^ ^A^/92

(2.5.3c)

(2.5.3d)

where the first term on the right hand side of (2.5.3d) is movement of tsetse flies towards
increasing odour quality gradient with (3\ being a measure of association between tsetse
flies and odour quality. The second term on the right hand side of (2.5.3d) is movement
of tsetse flies towards increasing host quality (density) gradient with (32 being a measure
of association between tsetse flies and host quality.
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2 .5 .4 T h e o d o u r p lu m e c o m p o n e n t
The odour concentration, C, is directly proportional to the density of host population, H,
and decays at a rate that is independent of host density. Dispersion of odour is by random
diffusion and advection (wind speed) only. The attractive capacity of odour as an “attractant”
are depended upon its: intensity, concentration, consistency and persistence (length of duration
of odour in the atmosphere). However, as noted earlier, the degree of hunger pangs on the part
of the fly also plays an important part in influencing whether it will follow the odour signals or
go after the first moving target it sights [72].
Bursell et al. [94] reported that during the process of bloodmeal metabolism by tsetse flies,
proline^^ which is an amino acid commonly found in proteins is obtained from the host’s blood
and forms part of tsetse fat content which provides the fly with the needed energy to fly in
pursuit of hosts or other flies for mating. A fly burdened by hunger, assuming it still has some
reserve energy left in the form of proline will go after any moving object irrespective of the
odour signals. This is the stage when man becomes a potential host if he is nearby [72, 206].
Therefore, the odour component will be governed by a particular form of (2.4.1b) which we
take to be

=

fiH —7 C — —

(2.5.4b)

where the constants /li, 7 > 0, uq > 0 is a constant wind speed and D c is odour diffusion
coefficient. The explanation of the odour model using (2.5.4b) is as follows:
1). hosts of density H releases tsetse attracting odours at a rate n which due to chemical and
environmental factors decays at a rate 7 giving us a net odour change of
{fiH - 7 C) > 0;
2). odour dispersal has been adapted from (2.4.1b), and is governed by two factors: wind effect
and molecular diffusion
(a), movement of odour due to the convective effects of wind is represented by the flux term

A ?

=

where no is a constant wind speed with the odour direction being downwind;
Proline is a cyclic amino acid with a hydrocarbon side chain.

(2.5.4c)
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(b). odour diffusion in the absence of any convective force is represented by the flux term

(2-5-4d)
where D c is a constant odour rate of diffusion.
For ease of reference, the complete specific IDE system that makes up the “çuasz” tri-trophic
food chain spatial model which constitutes our population interaction diffusion model is given by
the 1-dimensional system of non-linear partial differential equations represented by the following
set of equations

dP
—

=

u { x - P , H)

(2.5.5a)

f=
dN
—

-

A

E+

„ d r, d N
æ
_
m(H,JV) + D „ —
- 4 Ar ( ^A — + A — j j

(2.5,5c)

where a i, Q2,/? i,/^2 > 0. The state variable u (2.5.5a) depends explicitly on x through P{x).
Therefore, we now have

u { x ; P , H)

f{P,H,N)

m(H,N)

g ( H, C )

=

(2.5.6a)

= f i i P H - m H i l + niN)

(2.5.6b)

= v ^ N H - V 2N

( 2 .5 .6 c )

= pH -'yC

(2.5.6d)

The biological meaning and units of the parameters

fci, o:i, 0:2 (2.5.5b); Dyv, A:2, (3\, (h

(2.5.5c); uo D c (2.5.5d); p2, F(a;), /03,P4 (2.5.6a); r/i, 7/3, 772 (2.5.6b); ui, V2 (2.5.6c) and /x, 7
(2.5.6d) that appear in the IDE system are given in the list of symbols and notations presented
on pages 16-20.
Later, we will see that if measures of association are zero then “organisms” are not moving
towards any “attractants” and if positive then “organisms” are moving towards the “attrac-

116

tants”. Thus, if m { a ; b ) is any measure of association between “organism” (a) and “attractant”
(6), then

I
I

TTiia-,b) = l

>0,

organism “a” moving towards attractant “b”

=0,

organism “a” not moving towards any attractant

(2.5.7)

From now on I will refer to (2.5.5) as the interaction-diffusion equations’ (IDE). A series of
analyzes to be performed on the IDEs will be illustrated in subsequent chapters, however,
equation (2.5.5d) of the odour attractant is not part of the tri-trophic food chain model in
the strict sense of the word, its importance comes from the fact that it serves as a vital and
important link between the vector and the host. It is this link that will later be exploited for
purposes of future applications in biological vector control.
An important fact noted by Kareiva [245] about reaction-diffusion equations similar to our
continuum IDEs system model (2.5.5) is that they can be used to generate baseline predictions
of what to expect when populations interact and disperse without any complications (such as
patchiness or subdivision) in the spatial dimension. These equations represent a sort of null
model for spatially distributed population dynamics. They inform us of the spatial patterns
that develop because of random motion and population growth alone. Moreover, if we relax the
assumption of constant diffusion and spatial homogeneity, reaction-diffusion models becomes
tools for investigating heterogeneity in any form [230, 245].

2.6 A simplified view of plant quality
2.6.1 P la n t q u a lity in p a tc h y e n v iro n m e n ts
When the spatial distribution of the population of interest is limited to a set of defined ge
ographical areas (patches), progress is often facilitated by assuming that the population is
homogeneously distributed within each patch [246]. In a patch, a population is viable only
within a restricted geographical area surrounded by hostile terrain (Figure 2.1). From this
figure (Figure 2.1), the patchy environments are distinguished by their peaked surfaces with
hostile terrain in between. A patch is said to be viable if P > P* where P* is the threshold
value, otherwise if P < P* then it is not viable. The higher the peak is above the threshold
value, the more viable a patch is.
Heterogeneous environments that are prevalent in the African savannah ensures that distri
bution of good quality pastures in such patches is discrete. The environments between the
discretely distributed patches might be heterogeneous but we assume a homogeneous environ
ment within a given patch, say H (Figure 2.1). Edelstein-Keshet [237] noted that plant quality,
P , is the feature or aspect through which plants closely interact with herbivore hosts. However,
the concept of plant quality is potentially confusing hence an explanation in needed. We saw
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Figure 2.1: Representation of patchy environments indicated by the spiked areas with some
labeled a, 6, c, d. A patch is said to be viable if P > P*, where P* is the threshold plant
quality. Patches c, d are viable, but a, h are not viable.

A representative viable patch is

indicated by Ü.

earlier that plant quality, P , is an index which conveys how a given part of the vegetation might
be “rated” by a herbivore on a purely arbitrary scale, for example

0,

plants are totally repulsive and non-nutritious

1,

plants are exceedingly appealing

( 2 . 6 . 1)

W hat we need to do is to translate the arbitrary host’s perception of how it “rates” plants into
an acceptable index that can be plotted or incorporated into our model system for purposes of
analysis, because so far we do not have such an index or even its range. Let us assume that
E{ x , t ) is the density of “e<iz&/e” biomass of vegetation at position x at time t with its units
being kg cm “ ^, and T{x, t) is the total density of edible and non-edible biomass of vegetation at
position X at time t having the same units. W ithout loss of generality we can now assume that
the herbivores “rate” of measuring plant quality, P , is directly proportional to the proportion
of edible biomass, £{x, t), which is given by

£{x,t)

=

E{ x , t )
r ( z ,( )

(2 .6 .2)

P{ x , t )

=

Vo£{x,t)

(2.6.3)

so that

118

where P { x , t ) is clearly a dimensionless quantity. It is an absolute measure of plant quality at
the site x at time t. It now follows from (2.6.3) that 0 < e{x, t) < 1, and 0 < f o < 1 is hostspecific constant of proportionality that is independent of site. Clearly, if a site is not attractive
to hosts, we see that if e{x^ t) — > 0 then P (x , t) — > 0, and if a site is attractive to hosts, we
see that if e{x^t) — > 1 then P{ x , t ) — y

vq.

In conformity with Edelstein-Keshet [237], we

shall also assume that plant quality is homogeneously spread in the whole plant irrespective of
whether the quality is located in leaves, stems, flowers or whole plants.
We shall further assume that within a given patch, say Q (Figure 2.1) which we now take to
be our viable patch, the viability of that patch is not determined by P{ x, t) but by P* which
is the minimum plant quality in that patch needed to sustain a host of density H* > 0. For
purposes of illustration and clarity, we shall enlarge Q and the surrounding patches so that
patch distribution will be assumed to have the form shown in Figure 2.2 with the patch labeled
n as a representative viable domain of interest, where the value of P* has been fixed arbitrarily.
0.8
P
0.6
H*>0

H*>0

0.4

H* = 0

0.2
H*=0
20

a

40

b

60

80

100

Figure 2.2: Discrete representation of patches. Viable hosts populations {H* > 0) are found
in patches whose vegetation have plant quality above the threshold value (P > P*), otherwise
H* = 0 .

From the equation of plant quality (2.5.6a) we saw that P{ x) is the optimum plant quality in
a patch, and though we do not know its precise nature and form, we shall assume that Q is
homogeneous in a closed interval [a, 6] of finite dimensions, a < x < b (Figure 2.2). A viable
host population, H = H* > 0 will only be found in a patch that has plant quality above a
certain threshold value, P > P * . Due to the assumed patch homogeneity, we shall take P > P*
in D. We now have the conditions for habitation of our patches by herbivore hosts to be as
follows
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H = {

H* > 0,
0,

P > P*, then Ü viable.
P < P*, then Q is not viable.

(2.6.4)

with no migration between patches, which means that our patches (Figure 2.2) do not constitute
a meta-population (no migration between patches).

2 .6 .2 H er b iv o r y in d u c e d ch a n g e s in p lan t q u a lity
The assumption in (2.6.4) will make the analysis of the spatial model simpler as it will be seen
in later sections. However, in a more realistic situation we can justify that over a given period
of time of observation in which the vector population changes in response to hosts, the host
density is approximately constant, that is H = H*. But the same is not true for vegetation
since plants are continually being eaten by hosts while at the same time regenerating themselves,
hence plant quality, P{ x, t ) , as such is not constant but is varying according to H*. Clearly,
regrowth of plant material is relatively slow whereas the consumption of plants by herbivores
is fast. The prevailing host density makes plant quality to shift along the z-axis with the rate
of shift determined by H* and governed by a rate of change prescribed by the equation

dP
—

=

u { x ; P , H)

(2.6.5)

whose complete form is given in (2.5.6a). Edelstein-Keshet [237] and later supported by Lewis
[238] reported that herbivore movement behaviours include a tendency for herbivores to aggre
gate over a range of spatial scales for increased feeding efficiency and the tendency for herbivores
to move up gradients of increasing plant quality. The result of feeding on plants is that her
bivores often alter plants such that their subsequent survivorship, growth rate and fecundity
are reduced. Therefore, the response of plants to herbivory takes the form of a combination
of several factors working together that possibly includes inducible defences and compensatory
growth, with many plants exhibiting mechanical, physiological and chemical changes in response
to herbivory.
Some form of herbivores seem to improve local plant quality where for instance sucking insects
(such as aphids) on a leaf may actually act as physiological “smA:” that divert nutrients from dis
tant parts of the plant. This physiological “smA:” effect is a compensatory mechanism whereby
local plant quality can actually increase in response to herbivory [238]. In certain cases, plant
vegetation can change in response to herbivory so that rather than repairing damage caused,
they produce harmful substances that increase mortality and lowered fecundity of the herbivore
[237].
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2 .6 .3 T h e N D V I as an in d ica to r o f p lan t q u a lity
Though '‘''plant qualiti/’ has repeatedly been mentioned in previous sections with some of its
properties known, we should remember that it is still an index of how herbivore hosts “rate”
food plants for purposes of consumption. For this index to have easily interpretable meaning, we
have to translate it into an easily measurable and quantifiable value for purposes of parameter
estimation and analysis.

A practical index that can serve this purpose of rating plant or

vegetation quality is the remote sensing data called Normalized Difference Vegetation Index
(NDVI) which has been used with remarkable success to predict seasonal variations in tsetse
populations [74, 84, 220, 247] and tick populations [97, 219, 248].
The NDVI is an indirect method used to monitor changes in vegetation cover and not necessarily
for purposes of monitoring tsetse or vector population. The principle of NDVI is that photosynthetically active plant tissues absorb red light with wavelength p i in the range (580-680 nm)
but strongly reflect near infra-red light with wavelength p 2 in the range (725-1100 nm). The
NDVI values are calculated as the diflFerence between the infra-red and red reflections divided
by their sum [84, 221], that is

NDVI

=

jJ'2 +

(2.6.6)

This value lies in the range 0 < N D V I < 1, and similar to (2.6.3) it is a dimensionless
quantity. The NDVI as a measure of the photosynthetic activity and vegetation types is closely
correlated with long-term average saturation deficit and rainfall values [220, 221, 248]. An
example of such correlation is found in Schultz and Halpert [221], who presented the equation:
PrecipitationesUmate = A + B x {Temperature) + C x N D V I that relates temperature and
NDVI to estimates of precipitation, and where A, B and C are constants to be determined.
Photosynthetic activity is not a localized feature, it affects all vegetation both "’edible” and
"non-edible” at varying rates and covering large areas. It is because of its global nature that
makes NDVI an ideal measure to indicate changes in plant quality. Photosynthetic activity
on its own is not a good indicator of plant quality, what it does is that moisture affects all
plant vegetation and in the process improves the general welfare of plants whether "edible” or
"non-edible” in the form of flowering, greener leaves and fuller foliage. It is this general status
of improvements which cuts across all plant vegetation that makes NDVI a suitable measure of
plant quality
Sources of error in measuring NDVI are factors such as off-nadir viewing, absorption by water
vapour and aerosols in the atmosphere which reduce NDVI values. There is a clear relationship
^^A ny N D V I data values used as a measure of plant quality were furnished by th e R egional Centre for
Services in Surveying, M apping and R em ote Sensing (RCSSM RS) which regularly receives such d ata from the
Advanced Very High R esolution Radiom eter (AVHRR) sensor on board th e N ational Ocean and A tm ospheric
A dm inistration (N C A A ) satellites [84].
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between NDVI values, rainfall and humidity in that changes in NDVI generally follow changes in
water availability and temperature [84, 220]. It is a well known fact that rainfall and humidity
enhances plant quality in terrestrial environments and since NDVI gives a measure of the
photosynthetically active vegetation on the ground then it is appropriate to consider NDVI as
a true reflection of plant quality, P { x ,t) .

2.7 Units and dimensions of state variables and parameters
in the IDE model system (2.5.5)
Since the IDE system model (2.5.5) is not presented in dimensionless quantities, we need to
clarify the units and dimensions of the model parameters before embarking on any analysis as
this will make results from the analysis easier to interpret. The unit of mass will be taken to
be kilogramme (kg) with dimension M , that of spatial length will be centimetres (cm) with
dimension L and time will be seconds (s) with dimension T. The quantity of odour will be in
molecules per unit volume (mol cm~'^) which can be if needed, be converted as explained in sub
section (2.7.4) into grams per unit volume (g cm“ '^). The dimensions of odour concentration
will now be ML~^.

2 .7 .1 P la n t q u a lity c o m p o n e n t
Plant quality, P { x ,t) , is a dimensionless index therefore, from (2.5.5a) and (2.5.6a) we see that
^

has dimension T~^. The rate of plant quality regeneration per unit time is p 2 with dimension
and the rate of per host reduction in plant quality is pg with dimension

since host

density, H { x ,t) , has dimension M then this implies that the term p^H is dimensionless. The
rate of plant damage per unit time per host is p^ with dimension

hence, the dimension

of the term p^^H is

2 .7 .2 H o st c o m p o n e n t
Host density, H { x ,t), has dimension M . From (2.5.5b) and (2.5.6b) we see that ^

has dimen

sions MT~^. Parameter 771 whose dimension is T~^ is the fraction of available plant quality
consumed per host per unit time. The mortality rate per host per unit time is 773 with dimension
T~ ^. The presence of tsetse flies imposes an added mortality rate per fly of 772 whose dimension
is

hence, since fly density N { x ,t ) has dimension M then the term 772V is dimensionless.

From the movement term we know that diffusion coefficient has dimension L^T~^ hence, from
(2.5.2b) we note that the fiux due to random motion has dimension MT~^ with ki being
dimensionless. Flux due to attractancy has two parts as given in (2.5.2d) whereby, a \ is measure
of^host-plant association^ i.e. the average number of hosts attracted to per plant quality ( P “ ^),
which is dimensionless since plant quality is dimensionless hence, the flux term due to plant
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quality attraction has dimensions M T ~ ^ . The 0!2 is measure of ^host-host association’ i.e.
average number of hosts attracted to per conspecific, and its dimensions are M~^ therefore,
the fiux term due to conspecifics has dimensions M T ~ ^ .

2 .7 .3 V e c to r (fly) c o m p o n e n t
Vector density,

has dimension M .

From (2.5.5c) and (2.5.6c) we see that ^

dimensions M T ~ ^ . Parameter v\ whose dimensions are

has

is the reproductive rate per

fly per host hence the dimensions of the term v \ N H are M T ~ ^ . The mortality rate per fly per
unit time is V2 whose dimension is

with dimension of the term v^N being MT~^.

Diffusion coefficient in the movement term (2.5.3c) has similar dimensions to what we saw for
the host case, that is,

From (2.5.3b) we note that the flux due to random motion

has dimension MT~^ with k 2 being dimensionless. Flux due to attractancy has two parts as
given in (2.5.3d) whereby. Pi is measure of ^fly-odour association’ i.e. average number of flies
attracted to per unit of odour concentration C~^, and its dimensions are

hence,

the flux term due to odour attractancy has dimensions M T ~ ^ . The P2 is measure of ^fly-host
association’ i.e. number of flies attracted to per host, and its dimensions are M~^ therefore,
the flux term due to host attractancy has dimensions M T ~ ^ .

2 .7 .4 O d ou r a ttr a c ta n t c o m p o n e n t
Various units of measurements have been used by different investigators for odour concentra
tions, C [115, 116, 146, 207]. However, all these units can be converted to a more universal
measure of odour concentration as used by Bossert and Wilson [207] which is molecules per
cm^. However, though this measurement units are universally accepted, using them as they are
whether in the laboratory or in field trials is not easy hence, a suitable conversion to units that
are easier to apply is necessary. Therefore, if need be we shall convert^^ odour concentration
from m olecu les^ p er cm^ to grams per cm^ similar to what has been used^^ by other workers
such as Bursell [110, 198], Dransfield et al. [146], Hall et al. [202] and Owaga [115, 116].
The odour concentration, C { x ,t), has dimension ML~^. From (2.5.5d) and (2.5.6d) we see
that ^

has dimensions

The parameter fi is the rate of per host release of odour

concentration (C) and its dimensions are
Avogadros constant

(N a )

~ 6 .0 2 3

x

hence, the

10^'^ m olecules (m ol) per mole [249]. For an ideal gas at STP, the

volum e (Vm ) of 1 rnole % 22.4 x 10^ cm^ hence, concentration o f 1 mole is th e L oschm idt’s constant (no) th at
is given as no =
% 2.7 x 10^® mol cm"^ [249].
^•^1 unit of odour concentration C = concentration of 1 mole = no ~ 2 .7 x l0 ^ ® mol cm “ ^ [249].
^^If active com pound in the odour attractant is l-octen -3-ol (see footn ote 1.3, page 83) then weight o f 1
m olecule

{ M

X M q

q

~ 2.1252 x 10“ ^^ g. Therefore, concentration of 1 m ole o f l-o cten -3 -o l will be equal to

) —

% 5.74

X

10“ ^ g cm""^. An odour attractant will have several m oles w hose number o f m olecules are

changing in space and tim e. It is this changing number o f m olecules th a t determ ines th e intensity of odour
concentration,

C ( x , t ) .

123

term jj,H with dimensions

is the amount of odour released by hosts. The odour

decay per unit time per odour concentration is 7 whose dimension is T~^ hence, the term 7 C
which is odour decay term has dimensions

. The fiux term (2.5.4b) has two movement

parts, the convective part due to wind effects has dimensions
molecular diffusion also has dimensions

, and the part due to

.

2.8 Conclusion
The IDE system (2.5.5) that constitutes our food web system is made up of both non-spatial and
spatial components. The non-spatial part describes the population dynamics of the particular
state variable as influenced by density-dependent factors such as births, deaths, physiological
upkeep or maintenance; whereas the spatial part describes the diflPusionary movement of the
"organism" or attractanf\ It is usual to find that the spatial element of many epidemiological
problems is often ignored [224], because of the supposed model complications and difficulties
in analysis, and yet according to Odulaja and Abu-Zinid [250], understanding the temporal
and spatial distributions of insects is critical for the design of experiments to compare different
sampling and control devices.
Crank [216] and Crank et al. [217] reported that diffusionary movement by organisms has the
potential of altering the stability characteristics of a system. Therefore, the importance of in
cluding space in models of ecological interactions similar to what we have done in (2.5.5), is in
the way it can affect fundamental system behaviours. May [251] and others have shown that
large complex ecological systems will tend to be unstable and yet real ecological communities
are stable. The reason why natural ecological systems are stable as DeAngelis [213] noted, is
because spatial considerations are an important part of many explanations. Levin [252, 253]
indicated that taking into account the phenomena of spatial heterogeneity and organism disper
sal allowed competing species to co-exist, and through dividing space allowed poor competitors
but good disperser to exist as ‘fugitive'^ species, and allowed prey to avoid being over-exploited
by predators through predator avoidance in space.
Kauzinger and Morin [254] reported that food webs provide a framework for integrating popula
tion dynamics, community structure and ecosystem processes, where food web length is limited
by inefficient energy transfers between trophic levels and the instability brought about by longer
food chains. A food chain with three levels is considered long, and although the IDE system
(2.5.5) has four levels, the odour component (2.5.5d) is not a food level in the sense of providing
nutrition to other levels, its inclusion is more to do with facilitating fly movement towards the
source of food. The proper tsetse food chain has three levels whose analysis will be presented
in Chapter 3.
It has been shown by others in particular that diffusion in space could in some cases smooth out
instabilities such as those resulting from strong interactions between predation and prey [255].
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Infact spatial extent and heterogeneity plays a vital role in the diversity and relative stability of
ecological communities [213]. Spatial diffusion of organisms can actually have mixed effects on
ecosystem stability, sometimes helping to reduce instabilities, but sometimes creating conditions
for instabilities [213]. Therefore, including both spatial and temporal features in the IDE system
(2.5.5) is justified, at the expense of making the analysis much more demanding.
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A PPEN D IX 2
A 2.1 Derivation of organism-taxis^^ term
We assume that the population is distributed along a 1-dimensional discrete space with distance
between spatial nodes equal to

Let p{x, t) be the probability of finding an “organism” at any

spatial position x at time t. In this thesis I will focus on movement in one dimension. However,
all movements can be generalized to two or three dimensions. Our second set of assumptions
is as follows

A s s u m p tio n 2
a), “organisms” can sense “attractant” quality on the space intervals directly to the left and
right;
b). the probability of the “organism” moving in a given direction depends linearly upon an
accompanying increment in “attractant” quality.
The following proposition will be useful in the derivation of an ^^organism-taxis’^ term.
P r o p o s itio n 2.1. Letn{x^t) be the density of the “organism”, and l et p{ x, t ) be the probability
of a randomly chosen individual being found in the interval (x —
6

x -f-1) at some time t, where

is some small space interval. Thus for a population of size N , we have

^

as S — > 0

(A2.1.1)
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Proof. Let

x+l
Np{x, t)

(A2.1.2a)

=
L

I
X +

j

I

f

n(^, t) di

(A2.1.2b)
(A2.1.2c)

But

(A2.1.3a)

(A2.1.3b)

Subtracting (A2.1.3b) from (A2.1.3a) we have that

F[ x + - , t ) — F[ x — —,f?j

—

6

n{x.,ï) + 0[5^\

(A2.1.4)

Hence, from (A2.1.2c) and (A2.1.4) it now follows that

Np{ x, t )

— Sn{x,t)

(A2.1.5)

□
The formulation of an ^^organism-taxis” term is based on a random walk approach with attrac
tion among individuals. In this situation, we will consider a population of “organisms” that
move in an unbiased random pattern or move as a result of perceiving an “attractant” at which
time the “organisms” bias their movements towards increasing concentrations or density of the
“attractant”. The movement of “organisms” is influenced by “attractants” in the following
way:
1). when there are no “attractants”, each “organism” moves randomly, i.e. the probabilities of
moving left or right are the same;
2). if there is an “attractant”, an “organism” movement in the direction of the “attractant”
is directly proportional to the gradient of attractant concentration or quality. Thus, there
is some positive measure, say ai which links the density of organisms (n) to gradient of
attractant concentration or quality ( ^ ) - We shall therefore assume that a* > 0 is some
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measure of ^^conditional association^^ whereby ^^organism^^ move towards '"'‘attractant z”
conditional on increasing values of
We now discretize time (0 < i < oo) into short intervals of size r, and space (—o o < x < oo)
into small intervals of length S. During the time interval r, an “organism” initially at site x at
time t may move <5 to the right with probability R{ x, t ) ,

6

to the left with probability L{ x, t )

or it may remain stationary with probability S{ x, t ) where

S{ x, t )

=

I - R{ x, t ) — L{ x, t )

(A2.1.6)

We now let (0 < k{ x, t ) < 1) be the "random component of motion” which is the probability of
moving either to the left or right due to random motion in the absence of “attractants”. Let
at be a "measure of association” between an “organism” and an “attractant”. Thus, it is an
indication of the level of association of an “organism” moving due to an increase in "attractant
z’s quality. The ai is the ‘sensitivity’ with which the organism responds to attractant gradient.
We know that for each “organism” there is a possibility of there being several attractants
(2.2.3b) however, for our situation the “organisms” will only have two clearly identifiable and
quantifiable “attractants”, hence

q
since i =

2

=

{?!, Q2 }

(A2.1.7)

. Thus the probability of moving to the right is given by

R{ x, t )

=

random component o f m otion
increm ent in quality to the righ t
I
2
- k { x , t ) - \ - Y ^ a i [ q i { x + 0,t) - Qi{x,t)]
i=l
+

=

0 !i

X

and the probability of moving to the left is given by

(A2.1.8a)
(A2.1.8b)
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L{ x, t )

=

random component o f m otion
increm ent in quality to the l e f t
1
2
- k { x , t ) + ^ a i [ q i { x - 6 ,t) - qi(x,t)]

+

=

Provided that ^

Qi

is bounded (i.e.

X

(A2.1.9a)
(A2.1.9b)

| ^ | < oo), R and L converge to | as J — > 0. Thus

i?, L > 0 and i? + L < 1 for sufficiently small Ô. If there are no births and deaths then p{x, t)
at the earlier time t —r satisfies the recurrence equation

p{ x, t )

=

S{x,t R{ x -

t)
6,t

p{ x , t ~

t)

+

- t ) p{ x — 6 , t — t ) +

L{ x + 6 , t - t ) p { x

, t —t )

(A2.1.10)

- L{x, t — r)

(A2.1.11)

6

From (A2.1.6) it follows that

5 (x , t - r) = 1 - R{x, t -

t)

hence substituting (A2.1.11) into (A2.1.10) and simplifying, we obtain the following equation

p( x, t )

— p{x,t -

t)

L{x,t R{ x -

- R{ x , t -

t)

6 ,t

p{x,t-

t)

t)

p { x , t - r) +

- r) p{x - ô,t -- r ) +

L{ x - i - 6 , t —r) p { x

6

,t - r)

(A2.1.12)

By numerical iteration on the computer, (A2.1.12) can be used to predict how the probability
distribution p{x, t) changes with time. However this equation has several disadvantages:
1). it is difficult to deal with analytically;
2). the spatial domain within which movements occurs is usually continuous which means that
there in no unique way of breaking it into a lattice of discrete points.
Taking a diffusion approximation avoids these problems, and there are several methods of
achieving a diflFusion approximation [65, 208, 234, 2490, 256, 257]. The first step is for each
term on the right hand side of (A2.1.12) to be expanded about the point {x, t) by use of bivariate
Taylor series expansion [258], which for a general function / has the form
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f{x-\-S,t-T)

=

f{x,t) + [ ô - ^ - r ^ ] f{x,t) +
(A2.1.13b)

For purposes of simplification in writing out the terms we let p (z, t) = p, R{x, t) = R and
L{ x, t ) = L, hence we now apply (A2.1.13) to terms on right hand side of (A2.1.12). The
resulting expansion and algebraic manipulation is straight-forward though tedious, with the
resulting expressions further simplified if we note that

-

4

-

(A2.1.14a)

4

dpdR

a'^R

d x dx

^ dx"^

ai

(A2.1.14b)

^dp

(A2.1.14c)

-

dpdL

a'^L

(A2.1.14d)

d x ax
and to simplify our expression further, we collect together terms having Ô,
only coefficients and disregard terms containing

S t

6^, etc., as the

and higher orders of r such as r^, r^, etc.

(terms containing these values as part of their coefficients will eventually disappear after we
divide by r and take the limiting case as <5, r — > 0). Therefore, we now have (A2.1.12) having
the form given as

2 dx"^

=

-

6

[Lp) -f 0{6'^)

^{(R-L)p]

+ Ç ^ [ { R + L)p] + 0{S^)

(A2.1.15a)

(A2.1.15b)

where expressions {R{x, t) —L(x, t)) and {R{x, t ) + L { x , t)) are respectively the bias and motility
terms. From (A2.1.8b) and (A2.1.9b) it now follows that bias, b{x,t), is given as
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b{x,t)

=

R{ x, t ) —L{ x, t )

(A2.1.16a)

2

=

' ^ a i [ q i { x + 6 ,t) - qi{x - S,t)]

(A2.1.16b)

and motility, m{ x, t ) , is given as

m{ x , t )

—

R{x^t)L{x,t)

(A2.1.17a)

2

=

k { x , t ) - \ - ' ^ Œ i [ q i { x 6 ,t) -

2

qi{x,t) + qi{x - S,t)]

(A2.1.17b)

i= l

The bias, b{x^t), is the difference between the unconditional probability of moving to x + (5
and that of moving to x — <5 at time t, whereas the motility, m{ x , t ) , is the probability that
movement is initiated at time t. We note that 6(x, t) is just a real number because if i? < L
then fc(x, t) <

0

and if i? >

L then 6(x, t) > 0 but m (x, t) is a probability hence 0 < m (x, ^) < 1

because 0 < R + L < 1. By Taylor expanding qi{x + S,t) and qi{x —6 ,t) about point {x, t) using
(A2.2.13) we obtain that

R{ x, t ) - L( x, t )

=

. ,

dx

t= l

+ 0 (5 -’ )

(A2.1.18)

and

R( x , t ) + L{ x, t )

=

k( x, t ) +

. ,

dx"^

1=1

+ 0{S*)

From (A2.1.18) and (A2.1.19) it is now clear why it is important for ^

(A2.1.19)

to be bounded. We

now substitute (A2.1.18) and (A2.1.19) into (A2.1.15b) to give us

üaÿl

+

.
6^ a
fc(x, t) + (5^
2 d x “^ »
^
\

aj

^ ] p{x, t)

(A2.1.20a)

2=1

(A2.1.20b)
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From (A2.1.5) in Proposition 2.1 we saw that p{ x, t ) = ■^n{x,t), but before we substitute this
into (A2.1.20) we have to perform some differentiation in order to reduce the resulting equation
to its simplest form. Therefore the left hand side of (A2.1.20) will be

6

(A2.1.21a)

dt N
5r dn
'N~m

(A2.1.21b)

If we now take qi — qi{x,t), k = k{x, t) and p — p{ x, t ) , the terms containing the differential
d

operator A of the first bracketed term on the right hand side of (A2.1.20b) will be
d x

/

z=l
=

(A2.1.22b)

and for the last bracketed term on the right hand side of (A2.1.20b), we take derivatives two
times to obtain what we need, the first derivative is

+

(A2.1.23)

We now assume that the "random component of motion^’’ k is to be constant irrespective of the
“organism” direction, position or time, therefore

= 0. Hence, without further simplification

the second derivative of (A2.1.23) now gives us

" '-M
dx"^

=

N dx \

(A2.1.24)

dx J

Substituting (A2.1.21b), (A2.1.22b) and (A2.1.24) into (A2.1.20b) and simplifying yields the
expression

W

-

( t ) A

+ ( 57) A

(* È )

(A2.1.25)

The next step in obtaining the diffusion approximation is to take limits [208], in such a way
that as d, T — > 0, ^ — > D^. We now have the limiting form of (A2.1.25) given as

W

“

(A2.1.26)

132

where the constant term Dn is the diffusion coefficient of the “organism” . Equation (A2.1.26) is
the 1-dimensional ^‘organism-taxis’^ term and it has two components of motion, a flux term due
to random diffusion,

and a flux term due to facilitated diflFusion or attractancy,

' Using

the form of (2.2.2) and (2.3.4) it is clear that these two terms are easily seen from (A2.1.26) to
be

(A2.1.27a)

id)
and

(a)

=

4D»

(A2.1.27b)

Putting (A2.1.26) into (2.3.7a) we now obtain a general reaction-diffusion equation that governs
the population growth and spread of the “organism”. This equation is now given as

W

^

A

(A2.1.28)

This equation (A2.1.28) will be adapted to specific “organisms” that move up gradients of
increasing “attractant” quality such as herbivore hosts and tsetse flies to yield some of the
equations (2.5.5b,c) in the IDE model system.

A 2 .2 D e r iv a tio n o f “ attractant-taxis^'^ te r m
The same principle used in formulating (A2.1.28) from (A2.1.10) will be used but with some
conceptual changes based on the expected behaviour of the “attractants”. Again, we assume
that the population is distributed along a 1-dimensional discrete space and let p{x^t) be the
probability of finding unit of “attractant” at any spatial position x at time t. We now state our
third set of assumptions

A s s u m p tio n 3
a), the dispersion of an “attractant” like odour plume is depended on the convective capacity
of the wind velocity and direction, hence from (A2.1.10) the probability of not moving to
left or right S{x, t) — 0. The odour plume cannot be stationary because it will disperse
even in the absence of wind by molecular diffusion;
b). odour plumes are not influenced or affected by any “attractant” quality or activities hence
we now take the probabilities of moving to the right, R{x, t), or left, L{x, t), to be constant
and use the notations R and L for respective constant probabilities.
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Due to the almost isotropic diffusion of the odour plume [208, 230], the m otility will be R-\-L = 1
therefore L = 1 — i?, and the bias will be R — L = B, — {1 —R) = 2R — 1 = £ where £ is some
small number. If we now let p = p{x, t ) it follows from (A2.1.10) and (A2.1.13) that

p

=

R p { x - 6 , t - T ) + L p { x - b S ^ t — r)

=

p{ R + L) -

r{R + L ) ^

(A 2.2,la)

-

+

+ St ( R - L ) - ^ ^ + — (A +

+ 0{S^ + r^]

(A2.2.1b)

It now follows that

+

(A2.2.2)

From (A2.1.5) we know that n is an arbitrary density function hence it now follows that if
n = Qk then p =

so that

dp
dt

Ô dqk
N d t'

dp
dx

dqk
N dx'
6

d ‘^p
dx"^

d'^q^
N dx'^
6

(A2.2.3a)

and hence

We now obtain the diffusion approximation by taking limits [208], in such a way that as
J, 6, T — > 0 then ^ — >

where

uq

uq

and ^

therefore (A2.2.3) is now given as

is a positive constant of advection (wind speed) and Dg^ is a constant diffusion

coefficient of the “attractant”. Equation (A2.2.4) is the 1-dimensional

attractant-taxis" term

and it has two components of motion, a flux term due to random diffusion,
term due to facilitated diffusion or convection,

and a flux

^. As in (A2.1.27), we see that these two

terms are easily seen from (A2.2.4) to be

(A2.2.5a)
and
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=

“ oîfc

(A2.2.5b)

Putting (A2.2.4) into (2.3.7b) we now obtain a general reaction-diffusion equation that governs
the population growth and spread of the “attractant”. This equation is now given as

This equation (A2.2.6) will be adapted to specific “attractants” that move by advection (wind)
such as odour plumes or those that are just static like plants to yield some of the equations
(2.5.5a.d) in the IDE model system.
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C h a p te r 3
T H E N O N -S P A T IA L M O D E L
3 .0 I n tr o d u c tio n
Chapter 3 examines the stability behaviour of the non-spatial components of the IDE model
system (2.5.5). Investigating these non-spatial components is important because they consti
tutes the proper tri-trophic food chain model in the context of Lotka-Volterra predation models
[67, 212]. A similar case to our tri-trophic food chain model is the Rosenzweig 3-dimensional
model of carnivore-herbivore-plant interactions [214], where herbivores had a dual role of being
predators of plants and prey to carnivores (tsetse flies in our case).
In the Rosenzweig model [214], plants competed for space and nutrients that set an upper
limit to their density, in our case such competition is not accounted since we are considering
plant quality rather than plant density, however, our models sets an upper limit as to how far
improvement in plant quality can be achieved and a lower threshold quality value that must
be attained before a given patchy environment qualifles to be viable enough to support some
herbivore population, and by implication a fly population.
Estimation of model parameters is done by use of appropriate data in [84], that was collected
from the tsetse endemic area of Nguruman, Kenya. The linear stability analysis and the eval
uation of the stationary solution of the non-spatial model system as an eigenvalue problem
enabled us to specify conditions that favour the increase or suppression of a fly population as
it relates to the density of hosts and plant quality.

3.1 S u m m a ry o f m a in r e su lts
The main outcome of ecological signiflcance from this chapter is the results from the analysis
in Appendix 3, where we have shown that when the non-zero equilibrium point (A3.3.7) of the
system (3.2.1) is stable, the three organisms can coexist together subject to condition (A3.3.22)
being satisfied. This condition (A3.3.22), provides a security measure so that as long as plant
quality is not depleted by hosts, and host population does not become extinct as a result of
tsetse challenge then there will always be a stable trophic interactions as defined by system
(3.2.1). There are two equivalent scenarios that can make this possible: (i) - the number of
hosts benefiting from physiological upkeep by plants is greater than the number of hosts facing
severe tsetse challenge; and (ii) - the level of plant quality that is remaining after herbivory
induced damage does not decrease below the threshold level. Since our final goal is to identify
conditions necessary for suppressing the fly population, we will show in chapters 4 and 5 that
follow how tsetse population can be reduced by manipulating this stability condition.
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3 .2 C o m p o n e n ts o f th e n o n -sp a tia l m o d e l
In the absence of diffusion, bias and advection are removed hence, the component of spatial
motion is eliminated from the IDE system (2.5.5) but plant quality (2.5.5a) still retains a spatial
component through P{x).

Hence, we now have a family of systems of ordinary differential

equations (ODE’s) that make up the non-spatial model and which are given as

^

dN

=

m P f I - m H { l + r,2 N )

(3.2.1b)

=

v \ N H —V2 N

(3.2.1c)

These system of equations (3.2.1) constitutes the proper tri-trophic food chain model in the
sense of Rosenzweig three-dimensional model [214], where the fly population { N{ x, t ) ) is the
predator and herbivore population {H{x^t)) has the dual role of predators of plants { P{x, t ) )
and prey of tsetse flies. Though the spatial part, x, is not important at this stage, we still
include it as independent variable of the state variables for purpose of uniformity with what we
have in the IDE system (2.5.5).
Since trophic interactions are exploitative then for purposes of simplicity, the trophic levels in
our model (3.2.1) will be treated as homogeneous ecological units so that each trophic level
acts as a single exploitative population. Also, similar to our model, Oksanen et al. [212] noted
that it is essential to require that exploitation of victims (hebivores by tsetse and plants by
herbivores) with a positive reproductive potential occurs. Oksanen et al. [212] further reported
that if the exploiter (tsetse on herbivores and herbivores on plants in our case) is dependent
on some product of apopulation and unable to affect its

production rate, the prey

isocline is

transformed to a line perpendicular to the prey axis.

3 .3 E s tim a tio n o f n o n -sp a tia l m o d e l p a r a m e te r s
Accurate estimation of ecological parameters using a variety of linear and non-linear estima
tion procedures is usually obtained from hopefully reliable fleld data. However, Haefner [259]
pointed out that performing the necessary experiments to obtain the required data on a scale
that is representative of the region under investigation is often expensive, time consuming, te
dious and difficult. The IDE system (2.5.5) involves complex species interactions whose fleld
experimentation is not easy to carry out. Nevertheless, some useful data has been collected
and used to obtain estimates of rate of growth, survival, mortality and dispersal rates for the
fly populations [81, 84, 146, 147, 204, 206].
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Estimation of some parameters in the study of tsetse fly populations has been achieved by fitting
fleld data to some statistical distributions and regression models. Studies on trap catches of
G. pallidipes showed that the data on the sampling variability of the catches follows a Poisson
distribution and that a square-root transform stabilizes the variance of the number of flies
caught in each trap [148, 204]. By use of multiple regression procedures, Brightwell et al. [84]
showed that host abundance and vegetation as measured by NDVI were important factors in
determining the degree of dispersal of G. longipennis.
Rogers [87] using data sets for G. palpalis and G. morsitans in Nigeria and G. pallidipes in
Kenya fitted population size over time to non-linear regression models to estimate densitydependent and density-independent mortality rates. Dransfleld et al. [146] obtained estimates of
trapping mortality rates by fitting the logarithm of population size from mark-release-recapture
(MRR) experiments to the logarithm of trap catches. Williams [206] used an inverse Gaussian
distribution to model trap seeking by tsetse flies using anemotaxis and klinokinesis, he was able
to estimate how long it takes a fly to reach an odour source a certain distance to the right of
its initial position.

3 .3 .1 N a tu r e o f d a ta u sed for p a r a m ete r e s tim a te s
The primary goal of fitting data to statistical and regression models has been to estimate the
vital parameters involved for purposes of controlling the tsetse fly menace. As a short term
measure these procedures have worked well and have been found to be very useful because fewer
factors have always been considered. For long term strategy, we need to consider model system
similar to (2.5.5) which takes more factors into account than any previous models.
We found data from Brightwell et al. [84] that was collected from the tsetse endemic area of
Nguruman, Kenya to be adequate for parameter estimation, as it covered almost all aspects of
what we are considering in the non-spatial model (3.2.1). The data collected was for monitoring
seasonal changes in the distribution of the tsetse flies G. pallidipes and G. longipennis along a
transect from riverine thickets out into open plains along with tsetse density, climatic factors,
vegetation and host abundance, with dispersal of tsetse into open country quantified using the
mean spread.

After extracting the data and rearranging in a rectangular array, it had the

following variables: time in year and month, total tsetse catches for each species, NDVI, total
wild game host, total domestic cattle host and distance of tsetse spread for each species.
These data was then inputted into the statistical package. Statistical Analysis System (SAS)
[260], that was then used to estimate the parameters by suitable regression procedures. Our
goal is to use this data to estimate parameters in (3.2.1). We now assume that equations in
(3.2.1) are valid in the viable patchy environment, D (Figure 2.1) and proceed by considering
some special cases that will help us to reduce the equations to solvable forms for the beneflt of
parameter estimation, otherwise it is impossible to estimate these parameters unless we take
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wild guesses which we shouldn’t. Tsetse parameters in (3.2.1c) have already been estimated
in [148] (see Table 3.1, page 24), it is the other two, plant parameters in (3.2.1a) and host
parameters in (3.2.1b) that are a problem.

3 .3 .2

P a r a m e te r e s tim a te s

Appendix 3 outlines the methods used to estimate model parameters in (3.2.1). Apart from
the fly parameters v\ and V2 in (3.2.1c) whose estimated values were taken from Williams et
al. [148], all the others were estimated from data. Estimation of plant parameters is shown in
Appendix 3.1, and for host parameters in Appendix 3.2. The values obtained are summarized
in Table 3.1 that is shown in tables of parameter estimates on page 24 for ease of reference.

3 .4 R e s u lts from s ta b ility a n a ly sis in A p p e n d ix 3 .3
The non-spatial model (3.2.1) has three states of equilibrium %*, ATg &nd

and whose values

obtained in Appendix 3.3(i) are given as follows:

XI =

=

( A 0, 0)

X I = {P^, H i , N i )

=

( 2 î , ^ ( - l +
+
\7/l 2p3 V
V

x i = { Pi , Hi , Ni )

=

(p-^H i{i+p,H i),^,^(^Pi-i))

where P* > 0,

V

> 0, iî^ > 0, P3 > 0,

(3.4.1)

P2

> 0 and

22. )], o)
771 /
/

P4

vi

m

\rj3

(3.4.2)

(3 .4 .3 )

J J

> 0.

The analysis given in Appendix 3.3(i)-(iii) yields several important results with profound eco
logical implications pertaining to the tsetse fly trophic interactions under consideration. First,
the relationships given by (A 3.3.11c), (A3.3.12a,b) and (A3.3.13) are equivalent, from which
we deduce the following:
(a), plant quality is drastically reduced by presence of hosts [H ^ 0) and total lack of flies
total (AT = 0);
(b). in the presence of hosts {H 7^ 0), an increase in fly population { N 7^ 0) favours plant
quality;
(c). the most favourable case for plant quality is when hosts are absent {H = 0) which also
implies that flies will also be absent (AT = 0).
The relations (A3.3.11a,b) sets the required conditions that prevents the biologically mean
ingless condition

< 0 (negative population size at equilibrium) which is a consequence of
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^ from becoming a reality, and also points to the fact that for a viable patch,

< P3 is

a stronger condition to have, as it guarantees relation (A3.3.lid ) which implies that herbivory
on its own will not deplete plant quality to the level of maximum plant quality, P. Since P >

0

(A3.3.lid ) , there will always be something left for future regeneration.
Second, plant quality in the absence of hosts will always increase to P , and this increase will
only be regulated by its internal mechanism based on the prevailing environmental conditions.
From eigenvalue analysis, we see that for a viable herbivore population to exist then P > ^ at
all times. Following the stability analysis of (3.4.1) in Appendix 3.3, we now get the complete
stability picture given by (A3.3.21) and (A3.3.22) which has the following equivalent ecological
implications:
(a), so long as the host population,

whose physiological upkeep that is maintained by plant

quality, is greater that the host population under tsetse challenge, P 3 , i.e.
the tsetse-host-plant system (3.2.1) will be stable, i.e. the non-zero equilibrium

then
will be

stable, and the three organisms will co-exist together; or
(b). so long as the remaining plant quality left after herbivory, P3 , is not reduced below the
threshold level, P2 , i.e. P3 > P2 then the patch will always be viable enough to support
host population, and by implication fly population.
Condition (A3.3.22) guarantees that plant quality is not depleted by hosts, and host population
does not become extinct as a result of tsetse challenge.

3.5 Conclusion
In the case of our model (3.2.1), we have avoided a situation described by Fretwell [261], who
considered three arbitrary trophic levels A, B and C where C exploits B and B exploits A
and found that by relaxing the condition that C cannot be exploited then there is no reason to
interpret A, B and C, respectively as plants, herbivores and carnivores because trophic levels
are predation limited, and thus C might be preyed upon by some secondary carnivores that
are not taken into consideration by a model similar to ours (3.2.1), which assumes the essential
characteristic of C is that it is not exploited. However, secondary carnivory can be treated as
an extreme form of interference within the carnivore trophic level [212].
In our situation, trophic level B (herbivores) could severely decrease the density of populations
on trophic level A (plant quality), but the impact of trophic level C (tsetse flies) upon B
(herbivores) prevents this from happening.

Oksanen et al.

[212] noted that the more an

ecological unit (plants or herbivores in our case) is limited by predation (herbivores and tsetse
in our case) the less its standing crop can respond to an increased productivity of resources.
Even the increase in its productivity is bounded by physiological constraints on turnover rate.
Rather than using the expression biomass as it is customary in predation models as the amount
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of living protoplasm, or amount of edible material [212], we take plant quality similar to the
usage of Edelstein-Keshet [237] and Lewis [238]. Wood is to be considered as accumulated
organic material, equivalent to peat in bogs, and not constituent of phytomass at all [212] or
plant quality as in our case.
Kauzinger and Morin [254] reported that experimental evidence provide qualitative support for
instability in longer food chains, however, this may also depend on the assumptions used to
model food chains. Our food chain (3.2.1) with three levels has shown that population densities
within trophic levels increase substantially as productivity increases. Thus, the fly population
(the first trophic level) increased with productivity in all other food levels (herbivores and plant
quality).
In our case herbivory should be considered as the ‘non-interactive’ rather than ‘interactive’, be
cause a non-interactive type is one in which the grazer does not influence the rate at which an
autotroph is renewed such as the one we are considering here, whereas an interactive type is one
in which the herbivore influences the rate of recycling of nutrients to the detritus (available pool
or reservoir of nutrients) [213, 243]. According to Oksanen et al. [212] model, herbivory pres
sure should be more severe in relatively unproductive environments. W ith increased potential
productivity, the role of predation in herbivore regulation should become more important and
the impact of herbivory upon plant communities should decrease, whereas in very productive
environments, increase in herbivory pressure is again probable.
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A PPEN D IX 3
A3.1 Estimating plant parameters: host density constant
To estimate the plant parameters in (3.2.1a), we assume that the host population is a constant,
h. Thus, on a faster time scale in a viable patch Q that contains few herbivores (say 10 for
the sake of having a definite number), we can take host density to be constant, that is H = h,
whereas because of the damage to plant vegetation and self repairs the changes in plant quality
are more noticeable. Hence, (3.2.1a) now becomes

which on rearranging yields

IC:P{x,0)

=

P{ x)

(A3.1.2b)

which is a first order linear ODE with the given initial conditions {IC). Applying the method
of integrating factors, the solution to (A 3.1.2a) is

P( x, t)

=

P{ x) - go

- exp

II

(A3.1.3)

where

go

—

(A3.1.4)
P2

From (A3.1.3) we note that

P(x,t) = {
P{ x) - go,

^
as ^ > oo

(A3.1.5)

where x G Q. The term go = ^ h ( l + p^h) in (A3.1.4) is the maximum reduction in plant
quality due to host action after an indefinite period of time. At a fixed site x, P{ x) is constant,
say P hence

,1 ,
P{ x) = P = {
'
0,

then site x is very favourable
then site x is not favourable

(A3.1.6)
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Since our sites are now fixed by virtue of (A3.1.6), the equation that we shall use for parameter
estimation is now given as

Pi t )

=

P - ,o ( l- e x p ( ^ ) )

(A3.1.7)

We now employ the same data that we used for estimating host parameters. Let us assume
that P = 0.883 and /i = 10 for purposes of computation.

Since these terms are constants

then by applying a non-linear regression procedure from SAS [260] to (A3.1.7) we obtained the
parameter estimates to be as follows

P2

=

9.407

(A3.1.8a)

P3

=

0.292

(A3.1.8b)

P4

=

0.140

(A3.1.8c)

P

=

0.883

(A3.1.8d)

which at 95% confidence level had a coefficient of determination of

= 95.9% which is quite

good for estimates based on field ecological data.

A3.2 Estimating host parameters: plant quality constant
In order to estimate host parameters in (3.2.1b), we impose the following conditions which will
help us by stating that:
(1). in a given large patch, changes in plant quality are infinitesimal hence, the average value
of plant quality in such a patch will be assumed to be constant, that is, g % N D V I ]
(2). if the vector under consideration is G. pallidipes, then parameter estimates for (3.2.1c) for
a tsetse population at equilibrium are as follows from Williams et al. [148]: fecundity rate
f 1=0.475/day per fly per host, adult mortality rate r;2=0.028/day.
We now estimate the host parameters r/i, 772 and 773 in the host equation (3.2.1b) by combining
(3.2.1b) and (3.2.1c), and utilizing conditions (1) and (2). Thus, we get

dH
dN

_
~

(771g - 773 - 773772AT) 77
(0.47577 - 0.028)77

(A3.2.1)

which on integrating after separation of variables yields

0.475(77 —0.06 log 77)

=

K

{rjiQ —773) log N — 77377277

(A3.2.2)
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where K is constant of integration. Since v\ and V2 are known, we now let that

n

=

(A3.2.3)

0 . 4 7 5 ( / f - 0.06 log i / )

be a function representing a transformation of H, we now then have that

H
where

=

K -i-

7/ 3 )

log N -

7 /3 7 7 2

AT

(A3.2.4)

is our new host density function term with vector density N assumed to be large

{ N 3> 1), and K is the transformed host density in the absence of flies. Equation (A3.2.4) is
non-linear in the parameters 7/1, 772 and 773 and whose graph (Figure 3.1) is shown for different
values of

q

.

0.0025

Q>

0.0024
0.0023
Q=

0.0022
0 . 0021

500

1000

üt)— 2 e e o —

___ 3Ü00

0.0019

Figure 3.1: Representation of transformed host density, T-L, against fly density, N , for different
plant quality (g) values { g <

g = ^ and g > ^ ) -

The parameters 771, 772 and 773 were estimated by applying a non-linear regression procedure
from the statistical package SAS [260] onto the data. The estimates obtained were as follows:
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m

=

0 .6 7 1

(A3.2.5a)

m

=

2 .4 X 1 0 “ ®

(A3.2.5b)

m

=

0.202

(A3.2.5c)

K

=

0.0022

(A3.2.5d)

at 95% confidence level with a coefficient of determination

= 58.1%

The value of

g — ^ = 0.301043 is computed from parameter estimates given in (A3.2.5a,c) and summarized
in Table 3.1 on page 29. Differentiating (A3.2.4) yields

^

(A3.2.6)

which on relating (A3.2.6) to the rate of change of the three graphs Figure A3.1 shows that

>0,
(m
dN

= 0,

(A3.2.7)

<0,
It is clear from (A3.2.6) that as A"

oo, we get

fjqj
— —773772 < 0
albeit

773772

(A3.2.8)

> 0 being a very small number, and this implies that large fly populations retard

population growth rates of hosts. This is what we would expect with increasing vector popula
tion. For ease of reference, the parameter estimates that we have obtained are summarized in
tabular form (Table 3.1) and presented in tables of parameter estimates on page 24.

A3.3 Linear stability analysis of (3.2.1)
We saw in Figure 2.2 a graphical illustration of viable and unviable patches. For purposes of
clarity, we focus only on the viable patch Q (Figure 3.2) so as to clearly distinguish the viable
regions from the unviable ones in the neighbourhood of D. We assume that if patch Q = Do
is viable within its closed boundaries [a, h] then clearly, for region Do = {a; E R : n < z < 6}
then H* > 0 and outside this boundaries, the unviable regions D_ = {x E M : x < a} and
D+ = {x E R : X > 5} then H*

=

0.

^^T he coefficient o f determ ination (0 <

< 1) is th e portion o f to ta l variation attributed to th e fit rather

than to residual plots [260]. In general, the closer it is to 100% the b etter th e fit and hence th e b etter th e
param eter estim ates.

145

H* = 0

10

H*>0

70

30

20

Figure 3.2: Representation of viable habitat Qq where plant quality P > P* and host density
H* > 0, surrounded by unviable habitats Q_ and Q+ where plant quality P < P* and host
density H* = 0.

The non-spatial model equations (3.2.1) have spatial homogeneity and constitute the tri-trophic
food chain model, with ^

providing the rate of change at primary level, ^

at secondary level and ^

the rate of change at tertiary level.

(i)

S ta te s o f eq u ilib ria

From the tri-trophic model system (3.2.1), we see that at steady state ^
^

the rate of change

= 0, ^

— 0 and

= 0, hence if we assume that X* = { P * , H * , N * } is the state of the system at an equilibrium

then it follows from equation (3.2.1a) that

P*

=

P ( æ ) - — P * ( l + p,,ff*)

(A3.3.1)

P2

and from equation (3.2.1b) we have that H* = 0 is one possible solution of ^

= 0. If H* = 0

holds then

p*

^

p

(A3.3.2a)

by (A3.3.1) since P{ x) = P. If H* > 0, then

12 \1 3

(A3.3.2b)
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If N* = 0, then (3.2.1c) yields no condition on H*. In this case we have that

P*

=

H*

=

—
m

(A3.3.3a)
+

+

\

(A3.3.3b)

\

P4

with the maximum value of H* given by

+

+

(A3.3.3C)

when P* = 0. If N* > 0 then (A3.3.2b) holds provided H* > 0. Therefore, from (3.2.1c) we
now have that

H*

^

—
Vi

(A3.3.4)

Therefore, there are three possible equilibrium states: state

state X 2 = (P2 ,

= (P*,

N*) where

p*

= P>0

(A3.3.5a)

H*

= 0

(A3.3.5b)

at;

= 0

(A3.3.5c)

, ^ 2 ) where

p*

= ^ > 0
rjl

H;

= ^

(A3.3.6a)

f-I +

2a3 V

/ i + l ^ ( p - !^ )^ > 0

V

P4

(A3.3.6b)

m J

= 0

(A3.3.6c)

and state X^ = (P3 , P 3 , A 3 ) where

P3 =

P - — H ; { 1 + psH^) >

(A3.3.7a)

0

P2

HI =

^

> 0

where from equation (A3.3.7c) we cannot have P3 < ^ since this would

(A3.3.7b)

mean that A 3 < 0

which is biologically meaningless and impossible. Hence, either of the following

cases from
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(A3.3.7c) can be true:

^ or

If P^ =

then

— P^ from (A3.3.6a) and

(A3.3.7c). In this case (A3.3.7a) and (A3.3.6b) gives Tfg = H^, and this can only happen if

—
Vi

=

r ^ ( ~ l + \/l + ^ ^ { P - — ))
2p3 V
V
P4
rji

(A3.3.8)

We can now see from equation (A3.3.7a) that

%

=

+

(A3.3.9a)

P2

=

E ± '± {l + p ^ ^ \
P2

(A3.3.9b)

ViJ

V

is the reduction in plant quality as a result of host effects, and from equation (A3.3.6b) we can
also see that

£2

=

(A3.3.10)
P4

T]i

is the change in host density as a result of changes either in plant quality or in vector population.
What this means is that host population has to change by a quantity of

£2

when there is a

change in plant quality or vector population by a certain amount. We should expect that an
increase in plant quality enhances

£2

whereas an increase in vector population depresses the

value of £2 From equations (A3.3.5a), (A3.3.6a), (A3.3.7a) and (A 3.7.7c) we can establish the following
inequalities

where at

, AT|= 0, H 2

P ; < P ; < Pj*, if P3* > ^

(A3.3.11a)

or P ; = P* < P*, if P ; - ^

(A3.3.11b)

^ 0, at P3 ,

7^0,

7^ 0 and at Pj*,iV| = 0,

< P 2 < P* is only possible if P3 < ^ which would mean

that

= 0. Inequality

< 0 which as we saw

previously is biologically impossible. Equation (A3.3.l ib ) is a special case of (A 3.3.11a) which
could be covered by writing (A3.3.11a) in the form

^

=

p ; <

p* < P * = P

(A3.3.11c)

It is worth noting from (A3.3.11 a) that P2 < P3 is a stronger condition for a patch to have,
hence this imply that
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7?i

P2 Vi \

P - — > S3
m

Vi

(A3.3.11d)

and in particular, if ^ > P then only the equilibrium X i = (Pj*, i / j , ATf ) = (P , 0,0) is possible.
By substituting equation (A3.3.7a) into inequality (A3.3.11a) and solving for
quadratic inequality we obtain that 0 <

< H 2 and since

in the resulting

= 0 it now follows that similar

inequality for hosts will be given as follows

< HI < H ; <

Pj* >

(A3.3.12a)
y?i

<

h

; =

h

; <

p; =

(A3.3.12b)
m

where

is the meiximum possible value of

we obtain a similar interval for

which is given as

p*

m
mm
since

(ii)

which is given by (A3.3.3c). From (A3.3.7c),

m <

p_m

m

mm

(A3.3.13)

m

< P.

C h a r a c te r istic p o ly n o m ia l, Fj(A)

The stability of the steady states X* = {P j , H j , N j } , j = { 1 ,2 ,3 } is determined by the
Jacobian matrix, Jj, which is also the community matrix. For (3.2.1) this matrix is given as

/
Jn

—

d P

d P

d

Ï Ï P

m

Ï Ï N

d H

d H

d H

ÏÏF

m

(577

d N

p

d N

d N

m

m

r

\

j

(A3.3.14)
(%:)

at point A * . It now follows that the entries of Jj are given as
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ai

=

dP
dP

=

dP
dH

bi

=

Û3

=

Û4

—

as

=

62

=

Û6

=

07

—

-P2

(A3.3.15a)

1+
-p2P3{p-p;)

(A3.3.15b)

dP
= 0
dN
dH
= pih;
dP

^

(A3.3.15c)
(A3.3.15d)

viPj - m - mm^j

=

dH
dN =
dN
= 0
dp
dN
M
âJV
m ^

(A3.3.15e)
(A3.3.15f)
(A3.3.15g)

I? =

(A3.3.15h)
(A3.3.15i)

For ease of notation, the Jacobian matrix will now be given as

^a\
Jj

—

Û3

y0

Ü2
0 ,4

0^
(A3.3.16)

Û5

a a Ü7J

with a i , 02, • • • ,07 as given in (A3.3.15). If we now let A to be an eigenvalue of Jj then the
characteristic polynomial, rj(A ), of (A3.3.16) will be given as

r j(A)

=

det[Jj — AI)

(A3.3.17a)

A —oi
—03

—02

0

A —04

—05

06

A — 07y

(A3.3.17b)

which on expanding (A3.3.17b) by the first row yields

—Fj(A)

where

— (A —oi)[(A —04)(A —07) —osOe] —(%
203(A —07)

(A3.3.18a)

— A^ —AjA^ + A2A + A;

(A3.3.18b)

150

A-i

— o,\ +

A-2

— 0 ,4 (1 '! —o^oq -f- oiOj +

A3

=

020

0,4

CLj

(A3.3.19a.)
01

O4 —Û2Û3

(A3.3.19b)

^0 '! + oio^oq —0 1 O4 OJ

(A3.3.19c)

To decide on the nature of the different states of equilibria, j = { 1 ,2 ,3 } , we now look for the
possible values of A by examining solutions of the following equation

TjiX)

=

0

(A3.3.20)

at the different equilibrium points X^.

(iii) S ta b ility s ta tu s a t p o in ts X j
The stability status at points X j , j = { 1, 2,3 } where X* (A3.3.5), X 2 (A3.3.6) and X^ (A3.3.7)
are the particular points, is done following the standard stability analysis procedures that are
outlined in greater details in Murray [67], Verhulst [262], Rosen [263] and Jordan and Smith
[264]. From (A3.3.20), we find that the non-zero equilibrium point, ATg, is unstable in the case
of the biologically unrealistic situation

< P 2 ~ ^ which imply

< 0. It is true that

the host inequality (A3.3.12) is implied from the plant inequality (A3.3.11a,b) and vice versa,
hence using one of them, say (A3.3.12) we find that a complete picture of the state of equilibria
is now given as

> Tfg,

Xg stable,

X 2 unstable

(a)

= Tfg,

Xg bifurcation,

Xg bifurcation

(6)

< Tfg,

Xg unstable,

X | stable

(c)

(A3.3.21)

with the stability of X | being only possible in the biologically unrealistic situation. We saw
that P — ^ > £g (A3.3.l id ) and P — ^ > Pg — ^ (A3.3.13) hence, it is not obvious whether
Pg —^ < ^3 or Pg - ^ > 63. Following some basic algebraic manipulations, we show that the
two inequalities Pg > P^

7^2 > ^ 3 are equivalent. Thus,

p; > p;

h

; >

h

;

(A3.3.22)

so that we arrive at the same conclusion irrespective of which inequality we decide to use.
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Chapter 4
THE SPATIAL MODEL
4.0 Introduction
Chapter 4 contains three aspects: (i) - the dynamics of dispersion of host odours that attract
tsetse flies; (ii) - stationary solution of model (2.5.5d); and (ii) - an analysis of the spatial model
(2.5.5c). In (i), estimates of odour parameters such as threshold and initial odour concentrations
from model analysis are presented. Estimates of some parameters such as wind and fly speed
are taken from published sources. In (ii), we obtain stationary solution of (2.5.5d) in patchy
environment subject to certain assumptions and boundary conditions. Their determination
involves matching solutions across boundaries to ensure continuity and differentiability, which
in effect guarantees the smoothness of the function solutions. In (iii), we analyze the spatial
model by defining an elliptic operator which enables us to carry out the necessary transformation
in order for our problem equation to be in standard eigenvalue form. Further investigations
that involves eigenfunctions and eigenvalue analysis was performed to specify the necessary and
sufficient conditions for a fly population to increase or decrease.

4.1 Summary of main results
Important outcome of ecological significance from the analysis in this chapter is the elucidation
of appropriate information of biological relevance, in particular the identification of the principal
parameters controlling the trophic interactions and the indication as to what extent changes in
these parameters affect the model system in promoting an increase in the fly population. We
have identified the necessary conditions needed for fly population to take-off, and these are:
there is a minimum measure of fly-odour association; increase in fly population is influenced
more by mortality rate rather than by birth rate; the fly mortality rate varies despite having
a maximum value; flies have a minimum dispersal rate that is dependent on “spread” of herd;
and then there is a critical host density above the minimum host density that supports and
brings about an increase in the fly population.
Thus, while the minimum host density is the critical host density required for fly population
to take off, it is the additional part above the minimum density which ensures that sufficient
odours are produced that attract tsetse flies in sufficient numbers which in turn implies that
more flies feed hence increasing their population through enhanced fecundity and survivability.
Therefore, since these parameters are critical and have a direct influence on the fly population,
we now know which parameters to manipulate for purposes of lowering the fly population.
The outcome of this chapter continues to the next (Chapter 5), where we introduce trapping
as a ^killer effecf and manipulate these parameters in such a manner that we set or identify
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conditions that: (i) favour low vector density; and (ii) promotes lowering and sustaining vectors
at low densities to an extent that host-vector contact is minimized over a period of time.

4.2 Some aspects of the dynamics of odour dispersion
The odour component (2.5.5d) will play an important role in the analysis of the spatial model
that will be illustrated in later sections of this chapter, hence it is crucial that we under
stand certain aspects of odour dispersion and in particular that we estimate all its parameters
(/i, 7 , no, Dc) unlike what we did in the non-spatial model where we did not need to estimate
the diffusion constants for the host (2.5.5b) and vector (2.5.5c) components.
However, estimating the parameters for the odour component is possibly the most difficult part
because the type of data that we need, similar to that which Crank et al. [217] presented, is
simply not there in relation to tsetse flies. Crank at at. [217] used data from systems that
emit gaseous and chemical substances to model molecular motion and transfer of matter by
diffusion process in environmental systems. The kind of data we need would show changes in
host odour concentration in space and time, with simultaneous measurements taken of odour
concentration (C), spatial distance (x) from point of release, and time {t).
The behaviour and movement of tsetse flies within the odour plume and its boundaries is well
documented [85, 101, 102, 110, 118, 119, 120, 123, 181, 192, 193, 194, 198, 202, 206, 265],
however, so far nobody has yet measured how long a tsetse persists within an odour plume,
and we are certainly not going to do that here. How an odour plume moves downwind due to
wind effects influences the general upwind movement pattern of flies towards the odour source
[99, 101, 104, 108, 118, 119, 198, 206].
The behaviour of an odour plume from the point of release (Figure 1.9) has been studied using
smoke experiments by Brady at at. [101] and others, has indicated that like smoke, the active
space of an odour plume is a spherical ball which meanders and expands as it moves away
from the point of release in the downwind direction (Figure 1.9).

The anemotactic'^-^ and

chemotactic"^'^ behaviour of tsetse flies in a presumed odour plume path is well illustrated by
several researchers both in field and laboratory trials such as Bursell [110, 198], Gibson and
Brady [119, 265], Vale [192, 193, 266] and Williams [206] just to name a few. The important
point that comes out is that detection of odour by tsetse is dependent on the concentration of
the active components in the odour'^-^.
The detection of odour signals by the tsetse flies through anemotactic behaviour is to some
extent influenced by the wind speeds with steady winds offering a more regular and consistent
odour signal to turbulent ones. Williams [206] reported that far from the point of release when
M ovem ent o f organism s in response to air currents
^•^Movement of organism s in response to chemical stimuli
"^•^As we saw in earlier sections, there are several active com pounds th a t have been shown to attract tsetse to
its target [111, 115, 202, 267], however, we shall only take l-octen -3-oI to be th e active com pound.
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odour signals are weak, tsetse relies on “edge detection” in which case the flies are only able
to detect the edge or boundary of odour plumes as it flies upwind, stopping intermittently to
scan with its antennae (Figure 1.3) if it loses the signals. As it approaches the target, the
odour signals become more intense, though at times variable, due to vegetation barriers and
fluctuating wind speeds.
The fly uses “klinokinetic”'^'^ movement, where it orients itself to increasing odour signals, so
as to remain in favourable environment and when nearer the target, when source odour signals
are more regular, the fly uses a combination of “anemotaxis”, “chemotaxis” and visual contact
to zero in on the target. From this behaviour of tsetse in the odour plume path it is appropriate
to picture the odour ball as an expanding sphere with the concentration decreasing as we move
far from the point of release. However, an expanding odour sphere is a physical environmental
property which influences how tsetse flies move towards their target. This spherical expansion
has nothing to do with the flies behaviour.

4.3 Estimation of odour parameters
For ease of parameter estimation in the odour equation (2.5.5d), we shall assume that the point
concentration of an odour plume, C, at spatial distance x from the point of release will be given
by (1.11.4) which for ease of reference we reproduce as (4.3.1a), that is

C{x,y,z)

=

TTCTyCJ

exp

(j :

a

(4.3.1a)

where

2

D^ —

(4.3.1b)

Uo

are the dispersion coefficients (cm^) that are related to plume width {y) and height (z). Equation
(4.3.1a) was obtained as a steady state solution ( ^ = 0) of (1.11.3b) that was solved by Laplace
transform. The expanding odour ball is assumed to be moving in the x direction hence we shall
take it for granted that it is a ‘perfect’ spherical ball, therefore

y = z = R*

(4.3.2a)

where R* = R*{x) is the radius of the odour ball and is a function of the spatial distance,
X.

Our spherical ball will have the same diffusivity in all directions despite its meandering

movements (Figure 1.9) hence from (4.3.1b) and (4.3.2a) we have that
'^•"‘M ovement in which an organism orients itself in relation to a stim ulus by m oving its head or whole body
from side to side sym m etrically in moving towards the stim ulus, and so com pares th e intensity o f th e stim ulus
on either side.
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= 2Dc—
Uo

(4.3.2b)

where D c > 0 is the constant diffusion coefficient of the odour. We now substitute (4.3.2a)
and (4.3.2b) into (4.3.1a) and after some simple algebraic manipulation we obtain the following
equation given as

where C is concentration in mol cm “ '^ if odour movement is in 3-dimensional space, ^ is the rate
at which odour molecules'^^ are being released in mol s“ ^,

uq

is constant wind speed in cm s“ ^

and D c is constant diffusion coefficient in cm^ s~^. Equation (4.3.3) is a variation of (1.11.4)
which was transformed by Sutton [207, 227] to obtain (1.11.1) after taking into consideration
the wind profiles in the horizontal [y) and vertical (z) directions. Since we want to stick to
a 1-dimensional model as given by (4.3.3), we therefore disregard these other profiles in the
horizontal {y) and vertical (z) directions.
Though we do not have a specific function for R*{x), we can still assume that R* is varying
hence, for arbitrary values of R* and x we obtain Figure 4.1 which is a surface plot of equation
(4.3.3) where odour concentration C is a function of x and R*, that is C (x, R*) with R* assumed
not depended on x for purposes of simplicity and illustration. Figure 4.1 shows the expected
pattern of odour dispersion where odour concentration (C) and odour ball radius (R*) decreases
with increasing spatial distance (x) from point of odour release for specified fi and D c values.
At a: = 0 (Figures 4.1), initial concentration Co and radius of odour ball R* are small. As the
odour ball is blown along direction x by wind of speed

uq,

the radius increases and then starts to

reduce as x increases. As expected, the odour concentration C{x) and odour ball radius R*{x)
will continue to decreases with increasing spatial distance x from the point of odour release.
From (4.3.3), we see that even though we do not have a specific function for R*{x), we know
from theory [207] that R*{x) will always increase because of the expanding odour ball, but the
effective radius^’’ of the odour ball indicated by r*{x) and given by

r*{x)

—

R*‘^(x)

(4.3.4a)

X

will decrease with increasing spatial distance x. What this imply is that if we assume R* to be
fixed for purposes of graphical plotting, the effective radius r*{x) will still decrease as x increases,
therefore, r*{x) rather than R*{x) gives us a more realistic effect on odour concentration, C{x).
“^•^Note: To distinguish notation for ‘m olecules’ and ‘m oles’, we shall use the following: mol s~^ = molecules
per second; and M ois s~^ = moles per second where applicable.
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0.75
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100'

Figure 4.1: Surface plot of odour dispersion showing decreasing odour concentration, C (x),
with increasing odour ball radius, R* , and increasing spatial distance, x from point of odour
release.

We can similarly obtain C*{ x) the ^'expected concentration'' of the odour ball which from (4.3.3)
is given by

C '(x )

(4.3.4b)

=
2 ttxD

c

which clearly shows that C*{ x) will decrease as x increases. To obtain the

actual concentra

tion", C( x) , we have to multiply C*( x) by a ^'correction factod' which is dim ensionless and
indicated by o;(x) such that 0 < a{ x) < 1. This correction factor is seen from (4.3.3) to be
given by

a{ x)

=

exp ( -

uor*{x)

4Dc

(4.3.4c)

so that Q;(0) — 0 and a{oo) = 1 assuming that the denominator will always have an x value. It
now follows that

C{ x)

=

C*{ x ) a { x)

(4.3.4d)

156

which is similar to (4.3.3). If we now assume a hypothetical situation where R* is fixed, clearly
r* (x) which is much more useful in influencing C(x) will vary with x hence, we can now obtain
a 2-dimensional plot of C(x) (Figure 4.2a), showing the threshold level,

Kq

that an odour

so

of concentration C at a distance x from point of source, that is, C{x) will elicit olfactory
stimulation in tsetse fly if C > K q (Figure 4.2a), otherwise \ i C < K q no stimulation will occur.
Clearly, as distance x increases, so does time t, therefore, assuming that odour concentration
changes in accordance with a Gaussian distribution in space {x) and time {t), we have odour
concentration as C{x, t), whose plot is given by Figure 4.2b. The value C{x, t) represents odour
concentration at time t = tk, fc = 1,2, • • • and distance x from point of release. Figure 4.2b
shows a decrease in concentration with increasing distance, x from point release at time, t = tk
that is increasing so that t\ < t 2 < ■• • since release of initial concentration, Cq.
Figure 4.2a shows the level of threshold concentration { K q) that will elicit some response from
flies when C > K q and no response when C < Ko, whereas Figure 4.2b shows the changes in
odour intensity, which is inversely proportional to the variance of odour distribution at space
time location {x, t). As variance (width) of odour distribution at location {x, t) increases due to
wind effects and turbulence, then odour intensity decreases, and if C{x, t) < K q, odour signals
will be so weak to elicit significant olfactory stimulation in tsetse flies to start moving upwind
in the direction of odour source.
We do not need to estimate the wind speed, uo, as this is given by several researchers [81, 92,
101, 119, 265], who found that wind speeds associated with tsetse catches are in the range of
0.1-1.0 m s~^ with more tsetse flies caught when wind speeds are in the range of 0.2-0.5 m s“ ^,
hence we shall now take our constant wind speed that is ‘ideal’ for tsetse dispersal to be 0.3 m
s~^ which in our preferred units gives us

Uo

=

30 cm s ^

(4.3.5)

On the other hand, purely for purposes of comparisons, the tsetse fly speed,

sq,

has been found

to be in the range of 3-7 m s“ ^ flying upwind with the average speed being 5 m s~^ [81, 265],
for a duration of 1-2 minutes interspersed with periods of inactivity lasting on average 1.30
minutes [81]. Therefore, the upwind average tsetse speed will now be taken to be

So
However, Williams et al.

=

500 cm s

(4.3.6)

[81] reported that high flight speed is balanced by relatively short

flight duration and interval between bursts decreases as the flies become hungrier.
The most potent olfactory stimulant in cattle odours
identified as l-octen-3-ol

collected on Porapak resin has been

[110, 111, 202]. The rate of production (/zq) of l-octen-3-ol by a
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Figure 4.2: Representation of odour dispersion: Graph (a) - plot of odour dispersion showing
decreasing odour concentration, C{x), with increasing spatial distance, x from point of release.
Graph (b) - plot of odour dispersion at space-time location (x, t) showing decreasing odour
concentration, C{x, t), with increasing spatial distance, x x 10® and increasing times, t\ < f ,2 <
• • • from point of release.
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normal ox of average body mass of 500 kg has been estimated to be 0.043 mg h ^ [202]. This
is equivalent to

Ho

=

1 .1 9 4 X 1 0 - 8 g s - i

( 4 .3 .7 )

per host. From the footnote of sub-section (1.7.4) and footnote of sub-section (2.7.4) we saw
that the gram molecular weight (gmw) of 1 mole of l-octen-3-ol is 128 g and since 1 mole
contains N a — 6.023 x 10^^ molecules (mol), then the number of molecules that each host
releases {fi) will be given as

=

W_xJVa
gmw
1.194 X 10-8

(4.3.8a)

=

X 6.023 x 10^^
---------------- J28-----------------

=

5.62

X

10^8

g -i

(4.3.8c)

However, Hargrove and Vale [123] reported that odour from a single ox has attracted up to
1500 G. m. morsitans Westwood and G. pallidipes Austen per afternoon, and odours from six
oxen have attracted up to 4000 with larger catches expected with more odour and hence by
implication with more hosts. We shall hence assume that an increase in hosts density has a
multiplicative effect on the density of odour molecules released.
A crude estimate of the diffusion coefficient of a compound such as l-octen-3-ol may be made
from diffusion coefficients of compounds of similar structure and gram molecular weight [228].
Wilson et al. [228] reported that diffusion coefficients are a function of dipole moments and
intermolecular forces, hence all compounds of equivalent molecular weights will not have the
same diffusion coefficients. They presented the difference between acids, alcohols and esters
in a graph of diffusion coefficients plotted against molecular weights. Our active compound
l-octen-3-ol is an alcohol with a gram molecular weight of 128 grams, hence using their graph
in [228], we read off the estimated value of D c and found it to be approximately

Dc

=

0.035 cm^

(4.3.9)

We still have the decay parameter (7 ) to estimate, unfortunately it turns out to be a more
trickier parameter than all the others because no researcher has attem pted to obtain an estimate
of odour decay, so we are left with no choice other than to come up with our own strategy for
estimating it. To estimate the decay parameter (7 ) we need to have an estimate of the threshold
odour concentration required to elicit some response from the fly population.
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4 .3 .1 E s tim a te o f th r e sh o ld o d o u r c o n c e n tr a tio n ,

K q

Let us assume that there is a threshold concentration K

q

mol cm"^ (Figure 4.2) such that

tsetse flies receiving odour signals respond to concentrations of the odour substance C > K q.
The odours active space is a surface of concentration K q in space at a distance x from point of
release is a uniform sphere with its centre at the spheres centre of gravity, and from (4.2.3) we
see that the radius of this sphere is given by

E*{x) =

(27rxD ciC o)’

<

0,

0 < ar < 2i^D cK o

( 4 . 3 . 10 )

otherwise

The density function (4.3.3) is monotonie, hence within this distance the concentration C > K q
and nowhere else. The radius of the spherical odour ball increases through spatial distance x
to a maximum

\l

(4.3.11a)

2jrDcKoe

(4.3.11b)

at distance

“

then decreases to zero at which distance the concentration is everywhere C < K q . Typical
graph of (4.3.10) for purposes of illustration is given in Figure 4.3 for arbitrary values of the
parameters.
The distance of ultimate fade out is given by

^ f a d e out — % 7^

77“ ~ ^ m a x

I ttU c E q

'6

(4.3.12)

The radius of attraction of baited traps is between 50 — 100 m which is 5 x 10^ — lO'^ cm [81].
However, on the average flies can detect host animal by its sense of smell from 100-137 metres
[81, 86, 92], with traces of odour detected even beyond this distances, and since herbivore hosts
are even more attractive to tsetse flies we assume that they can attract flies at the same or
much higher ranges hence we take the cut-off maximum distance when tsetse are not able to
detect traces of odour to be approximately 150 metres ( 1.5 x 10"^ cm). A typical graph of what
we should expect is given in Figure 4.4 for some arbitrary values.
The odour ball has two equal radii at x = xi as it initially expands, and at a; = 2:2 as it
decreases as a result of breaking up to smaller balls due to eddies and wind turbulence, hence
at those points we have
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Figure 4.3: Typical graph of R*{x) with increasing values of x. The R^ax

2500 0

Xmax values are

shown by dotted lines.

(4.3.13)
as illustrated in Figure 4.4. Since (4.3.3) was initially formulated based on Gaussian model,
then we should expect (4.3.10) and by implication Figures 4.3 and 4.4 to be symmetrical about
Xmax if appropriate parameter estimates are used and also because wind speed,

uq,

is assumed

to be constant and therefore R*{x) is changing uniformly with increasing x values. If we now
let di — Xmax —x\ and d.2 = X2 ~ Xmax, then because of the expected symmetry of R*{x) about
Xmax we now assume that

di

d2

x\

^Xmax
TvDcKoe

(4.3.14a)
(4.3.14b)

X2
X2 cm

(4.3.14c)

where

X2

=

1.5 X 10

cm

(4.3.14d)

We now substitute (4.3.14c) into R*{x\) and (4.2.14d) into R*{x 2 ) and then apply (4.3.13)
which after some simplification yields
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Figure 4.4: Typical graph of R * { x ) indicating the odour threshold value K q and the two spatial
points x i and X2 where R * { x \ )

xi log

—

R * { x 2 )-

2'k x i D c K q

=

X2 log

2

'KX2 D c K q

(4.3.15)

We want to obtain K q as an estimate of K q that will satisfy (4.3.15) hence substituting x \
(4.2.14c) into the left hand side of (4.3.15) and simplifying yields

_______ /ff_______ \

2(/i - TTDcKoex2) J

(4.3.16a)

and we let the right hand side of (4.3.15) to be

y 2 {Ko)

=

2:2 log
2

'KX2 D c K q

(4.3.16b)

It now follows that we can find a suitable K q such that

'ip{Ko)

=

yi{KQ) - y 2 {Ko) = 0

(4.3.17)

We plotted yi (4.2.16a) and y 2 (4.3.16b) against different values of K q to find where the two
curves intersect (Figure 4.5) and then used the mathematical package Mathematica [268] to
pinpoint the precise point of intersection, (^Kq,iIj{Kq)^.
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Figure 4.5: Determination of K q, the solution of (4.3.17) by graphical method.

The estimated value, K q from Figure 4.5, for the threshold concentration { K q) is a minima
positive value and was found to be approximately

=

Kq

9.39669 x 10^ % 9.4 x 10^ m o l c m - 3

(4.3.18)

which is the threshold odour concentration needed to elicit response from tsetse flies. The
form of y\{KQ) (4.3.16a) means that K^, the point of singularity in (4.3.16a) that is given as
Kq =

= 1-88 X lO^o mol cm^^ cannot be reached because the value of y\{KQ) at Kq

is indeterminate. Hence, values of K q > K q are meaningless. Thus, as long as C > K q and
K q < K q , tsetse flies will always find their way to the target, but when C < K q then it has to

depend on its vision and reserve energy (proline) to look for a target with its ability to locate
a host depending on its state of hunger.

4 .3 .2 E s tim a te o f in itia l o d o u r c o n c e n tr a tio n , C q
Bursell [110] reported that threshold concentrations for G. morsitans are in the region of 0.2%
for initially released ox odour, hence if we now assume that 0.2% = K

q

then we see that to

reach a concentration of K q, the initial concentration C q at the point of release [x — 0) will
have to be reduced by 99.8%. It now follows that

Co

=

S.4

X

10»

X

100 ^

^

^

- 3

(4.3.19)

The value of the initial concentration (Co) (4.3.19) is needed for us to be able to estimate the
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odour decay parameter (7 ). The estimation of 7 is done in the next section by considering the
stationary solution ( ^ = 0) of the spatial odour equation (2.5.5d), where we investigate the
odour point distribution from a host located at x = 0 .

4.4 S ta tio n a r y so lu tio n to (2 .5 .5 d ) I: O d ou r p o in t relea se
a n d e s tim a tio n o f o d o u r d ecay, 7
4 . 4 .1 T h e o d o u r c o n c e n tr a tio n m o d e l a t p o in t r e le a se

Odour decay is influenced by wind speed {uq), odour rate diffusion {D c), rate of odour release
{fi), distance traveled by odour plume (x) and hopefully molecular reactions due to chemical
and environmental changes that we ignored. Therefore, odour decay is a feature of the odour
model (2.5.5d) hence, we need an estimation procedure that takes into account the other model
parameters. If we now assume that the host emitting the odour is positioned in sector Qq within
the ^-neighbourhood of x = 0 and nowhere else, that is, h > 0 whenever { x G Qq : a < x < b}
where a = —| and 6 = | , and h = 0 whenever {x G f t - : x < a} or {x G

: x > 6}.

Therefore, changes in the odour concentrations are governed by a form of (2.5.5d) that takes
the form of odour concentration at point release whose model is now given as

—

-

+

(4.4.1a)

where the odour diffusion constant D c is now replaced by ^D and h = 0e{x) is a Dirac Ôfunction given by

— 0,

if (x G

: X < a}

= i,

if {x G Do : a <

= 0,

if {x G Q+ : X > 6}

X

< 6}

(4.4.1b)

where 6 s{x) represent intensity of odour concentration at a point. This odour intensity becomes
very large as we get closer to the point, i.e.

6 s{x)

^ oo, as e: —> 0. The odour particles are

carried across a small viable patch (Qq) by wind traveling at constant speed uq (Figure 4.6),
and since Qq Is a small patch within the closed interval {a < x < b) conditions are assumed
to be fairly stable hence ^

= 0, we therefore look for the solutions of the stationary equation

that will now be given as an ODE having the form

i £ ) ^ - u o ^ - 7C + 2

dx^

dx

£

=

0

(4.4.2)

where this equation (4.4.2) must satisfy the boundary conditions C{oo) = C (—oo) = 0 and also
match the solutions across the boundaries at x

=

a

=

—^ and x = b = ^ t o ensure continuity
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and differentiability. The scenario presented (Figure 4.6) is similar to the patchy environment
that we explained in detail in Section 2.6 in relation to plant quality, only now we are dealing
with odour.

Uo

>

Q_

3 . —

b= —

—

Figure 4.6: Representation of viable domain Qq adjacent to non-viable domains
where h — 0.

and Q+

The intensity of odour concentration produced by host at a point in Qq is

represented by h = j >

0

.

The matching solution of (4.4.2) that are summarized in the next section are fully explained
and described in appendix A4.1(i) and A4.1(ii) of Appendix 4.

4 .4 .2 S m o o th so lu tio n in p a tc h y e n v iro n m e n t
The matching solution presented as (A4.1.14) and further simplified as (A4.1.23) contain para
meter £, and in spite of the presence of e, equations (A4.1.14) are continuous and differentiable
at the boundary points x —

and x — ^ while at the same time satisfying the boundary

conditions (7(—oo) = C(oo) = 0. An illustration of what we expect is given in Figure 4.7, with
the dotted rectangle being the ^-neighbourhood region of x = 0 where the concentration of host
odour is highest and increases as we approach the point x = 0 from either direction (Figure
4.7).
Clearly, the satisfaction of the matching and boundary conditions are necessary to ensure the
smoothness of our solutions C _(x), Co(x) and C +(x) in patchy environment (Figure 4.6) when
we consider the limiting case as e — > 0. On taking that limit as shown in appendix A4.1, we
obtain the complete stationary solution to (4.4.2) and by extension (2.5.5d) when host odour
is released at a point in patchy environment (Figure 4.6). The three solutions obtained as
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Uo

h= —

3 . — —

Figure 4.7: An illustration of nature of odour concentrations, C { x ’,e), in the three sectors
{ x < a = —§}, {a = —| < æ < 6 = § }

and { x > b = ^} with boundary conditions

C { —oo) — C{oo) = 0.

C - { x ) (A4.1.25); C q (A4.1.27) and C +(z) (A4.1.29) are the limiting terms of the form given by
(A4.1.23). These three solutions characterizes the nature of odour concentration, C{x) when
odour is released at a single point. The complete set of these odour equations is given as

exp(Aiæ), if x < 0

^ C+{x)

-

exp(-A ^x),

if X > 0

where C _(x), Co and C_|_(x) plotted in Figure 4.8 are the odour concentrations in sectors Q_,
Qo and

respectively (Figure 4.6).

The parameters in (4.4.3) are explained in relevant parts of Appendix 4.1, also for purpose and
ease of reference, their meaning and units are summarized in the list of symbols and notations
presented on page 16-20. We see from Figure 4.8 that the initial odour concentration, C q, is
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C_(x

0. The apex where C - { x ) and C + { x )

Figure 4.8: Typical plot of C _(x), C q and C + { x ) as £
converge is the initial odour concentration, C q.

the apex point where C - { x ) and C+(x) meet. The initial odour concentration, C q is a constant
as expected, and it will now help us to determine the rate of odour decay, 7 .

4 .4 .3

E s tim a te o f o d o u r d eca y p a r a m ete r , 7

We now use equation for C q in (4.4.3) which is same as (A4.1.27) to estimate the odour decay
parameter (7 ).

From (A4.1.7e) we see that A1A2 =

and from (A4.1.7f) we have do =

Ai + A2 = \ / ^ + ^ - We now substitute these values into C q, and which on simplification we
make 7 the subject to yield

(4.4.4a)

7

2

4Dc \Co

—Uo

fi

/ \Co

+ Uq

(4.4.4b)

where the units of 7 must be s~^. However, that is not the case with (4.4.4) because our model
formulation (2.5.5) was in 1-dimension and yet the estimate of the initial odour concentration
(Co) that we obtained in (4.3.19) was in 3-dimensions having units mol cm “ ^ hence, the initial
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concentration in 1-dimension ( C q ) is obtained by taking the cube root of C q (4.3.19), thus

C*

=

{/C o = 1.675 X 10^

Therefore, using (4.4.5) and the estimates of uq (4.3.5),

mol cm '^
(4.3.8c) and

fj,

(4.4.5)
D c

(4.3.9) we find that

an estimate of odour decay, 7 , is found to be

=

3.2175 X IGfo

s-^

(4.4.6b)

which is the decay estimate for the odour population produced. It now follows from (4.4.6a)
that for 7 > 0 then the per-host rate of odour release will have to be

^

= 2.5 X 10^

mol s“ ^

(4.4.7)

For ease of reference, the estimates of odour parameters together with their meaning are given in
tabular form (Table 4.1) that is shown in the tables of parameter estimates given on page 24, also
included for purposes of completeness are the units and meaning of '‘'‘measures of associations^'’
between various "organism^’ and "attractants” and the fly population rate of diffusion, Dyv
obtained later in sub-section (4.6.2) of this chapter.

4.5 Stationary solution to (2.5.5d) II: Odour dispersion in
patchy environment
Similar to what we did in Section 4.4, we consider the stationary solution to (2.5.5d) in a single
homogeneous patchy environment that contains a fixed non-zero host density, h. The conditions
for a host population to exist in such a patchy environment, Qq (Figure 4.9), are els follows

= 0,
h = < >0,
= 0,

if {x

G Q_ : X < a},

P < P*

if ( z E Oo : a < a: < 5},

P > P*

if {x

P < P*

€ Q+ : X > 6},

(4.5.1)

where h represents a non-zero viable host density in Qq (Figure 4.9). The odour particles are
carried across the viable patch (Qq) by wind traveling at constant speed

uq ,

and since flo is a

small patch within the closed interval (a •< x < b) conditions are assumed to be fairly stable
hence ^

= 0, we therefore obtain an equation similar to (4.3.2) having the form
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1 ^cPC

dC

^

^

(4.5.2)

satisfying the same boundary conditions C{oo) = C { —oo) = 0 but now with boundary points
at a: = a and x = b where matching conditions must be satisfied to ensure continuity and differ
entiability. The scenario presented in Figure 4.9 is similar to the notion of patchy environment
that we have already explained in previous sections and in appendix A4.1.

20

30

40

70

Figure 4.9: Viable patchy environment, Qq where threshold plant quality P > P* supports a
non-zero herd, h = H* > 0. The unviable sectors Q_ and Q+ have P < P* implying zero herd
{h — H* = 0).

— is the equilibrium plant quality that we obtained earlier in Appendix 3.3
Vi
(A3.3.3a) on linear stability analysis, where we saw that a viable host density H* >
^

Clearly, P

to be only possible if plant quality P* > P 2 — ^ (A3.3.39) and (A3.3.46). The height of the
patch in Figure 4.9 is not h but P, use of h is only to illustrate that Qq supports a viable
non-zero host density, h > 0. The maximum plant quality in the viable patch, Qq (Figure 4.9)
is P{Q,o), which is greater than heights P { ^ ± ) of the non-viable patches.
Solution derivation of the three sectors {a: G
{ x G Q.+ :

X

: a; < a}, {a: G f2o • ^ < a; < 6} and

> h} are similar in all ways to what we did in Appendix 4.1, hence we shall

just adapt solution equations from (A4.1.23) and note the following in the case of patchy
environment: a =

x = a and x = h (Figure 4.9). It now follows that the full stationary

solution ( ^ = 0) in patchy environment is given as
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C_(a;) = ^ { e x p [ A i( x - a)] - exp[Ai(x - 6)]},

C{ x) = < Co(x) = o; - ^

exp[Ai(z - b)] - ^

x<a

exp[-A ^(z - a)],

C +(r) = ^ { e x p [ - A ^ ( z - h)] - exp[-A ^(x - a)]},

a< x<b

(4.5.3)

x>b

Since we now know the estimates of all parameters (Table 4.1, page 24), we now obtain a plot
of (4.5.3) as shown in Figure 4.10. This plot clearly shows continuity at the boundary points
X

=

a

and x =

b

o

î

the functions C _ (z), Co{x) and C^{x) as we travel across the patchy

environment from x —

y

—

o o

t o

x —

y

oo.
Uo

a

b
X

Figure 4.10: Typical graph of the functions C - { x ) , C q{ x ) and Cx{x) showing continuity across
arbitrary boundary points at x = a and x = b.

4.6 Analysis of the fly component in the spatial model
The analysis of the fly component in the spatial model (2.5.5c) is facilitated by the fact that
we are only considering organism interactions within a patchy environment (Figure 4.9) where
conditions for a viable patch are given by (4.5.1). We shall suppose that plant and host density
change only slowly compared to fly density and odour concentration. That is, we assume the
equilibrium conditions ^

^

— 0. In particular, we assume there is no significant host

diff’usion, so that D h ~ 0 and H[ x) = H*{x), therefore
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H*(x) =

<

0,

for (x < a)

h,

for {a <

0,

for (x > b)

X

(4.6.1)

< b)

where h > 0 is a constant. We have already derived the stationary solution to the dynamics
of odour dispersion as (4.5.3). Now we are left with the fly component (2.5.5c), which is of
course our principal target. From (4.6.1), it is clear that H{x) = H*, and therefore, we see that
^

= 0 hence, from the vector (fly) equation (2.5.5c) it now follows that

W

=

=

+ iD A

( k , ^ _ 4 /3 A r g )

(v ,h -V 2 -2 0 D ^ '^ N -2 0 D ^ ^ + ^ D k 2 ^

(4.6.2a)

(4.6.2b)

where /3 = /?i is the “measure of association between vector and odour” . The diffusion coefficient
is now replaced by ^D. Equations (4.6.2) applies only for a < a: < 6 however, the same
equation applies for x < a and x > h when h =

0

. Since all derivatives on the right hand side

are in terms of x, we can now write (4.6.2b) as

^

=

l o k i N " - 2 0 D C N ' ~ { 2 0 D C " + V2 - v i h ) N

(4.6.3a)

and when we group together coefficients of N", N' and N in (4.6.3a) we obtain

dN
—

=

aoN" - u;{x)N'- F { x ) N

(4.6.3b)

where

ao

= —D/c2 > 0

(4.6.3c)

w(x)

= 20DC'(x)

(4.6.3d)

F (x )

= 2/3DC"(x) +

V

2

-

v

i

h

(4.6.3e)

Function w(x) is the rate of change of C (x) at x, whereas function F(x) is the optimality of C(x)
at

X.

A detailed analysis of (4.6.3b) is presented in Appendix 4.2, that focuses on necessary

conditions for fly population to increase or decrease.
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4 .6 .1 A n a ly sis r e su lts o f sp a tia l m o d e l (4 .6 .3 )

(i) P o te n tia l fu n c tio n , V{ x)
The ^potential function\ V{ x) that first appears in the standard eigenvalue form (A4.2.17b) has
its specific form in (A4.2.25) for the various sectors. The V{ x) is a product of several system
components (A4.2.24) born out of algebraic manipulation of the model analysis where several
factors are amalgamated, and despite V[ x) having per unit time (s“ ^) as its units and hence it
is a measure of rate, it has no discernible qualities of any biological or ecological significance.
Its usefulness features on how it relates to the eigenvalues. A, of the system, and in particular
the minimum eigenavalue, Aq as we shall see in due course. The eigenvalue term as in appears
in (A4.2.39) is simply the growth rate of a fly population.
Typical graphs of V{ x) (A4.2.25) for different values of fly-odour association, (3 (the mean
number of flies attracted to per unit of odour concentration) are shown in Figure 4.11 with
discontinuities evident at the boundary points x = a and x = b. Figure 4.11 indicates that
V{ x) takes both negative and positive values. For every increase in (3, the mean number of
flies attracted per unit of odour concentration (C“ ^), the potential V{ x) increases by a factor
of xlO'^ s“ h An important requirement for (A4.2.28a) to hold is that the potential function
should be positive, that is i.e. V{ x) > 0. In particular, if condition (A4.2.35) is satisfied then
the potential function Vq in the viable region will be positive everywhere. That is a fundamental
requirement that will also apply when we integrate trapping into the spatial model (Chapter
5).

(ii) M in im u m eig e n v a lu e s, Aq an d th e key p a r a m ete r s
An important property of standard eigenvalue problem is that provided the potential ^(a;) > 0
(Figure 4.11(ii)), then its eigenvalues (A) are real and positive [65, 232, 233, 234]. Equation
(A4.2.41) tells us that it is possible to obtain a suitable minimum eigenfunction function ipo{x) >
0, then it follows from (A4.2.41) that if A > 0 we would expect the fly population to collapse
and if A < 0 the fly population will take off. From (A4.2.39), a fly population can be viable
only if Ao < 0 therefore, we need to look for conditions which will guarantee that A < 0. Thus,
we see from (A4.2.39) that for the fly population to take off, we need A < 0 otherwise the
population will collapse.
For that reason we want to establish under what conditions will the ground-state eigenvalue be
less than zero, that is,

Aq

< 0. This will give us the minimum necessary conditions required

for all other eigenvalues, A^, i = 1,2, • • • (A4.2.38) to be negative or positive depending on how
you look at it. Conditions under which minimum eigenvalue Aq < 0 requires that the potential
function V{ x) be negative is some region as illustrated in Figure 4.11(i).
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Figure 4.11: Two plots of the potential function V{ x) for different values of mean number of
flies attracted to per unit concentration (C'~^) of odour attractant, (3. The dotted graphs in
X < a and x > b are for the functions V^{x) and V+{x) respectively. The full line graph in the

interval a < a: < 6 is for the function Vq{x).
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The required conditions are derived in appendix A4.2(iii) by focussing on terms (A4.2.65) that
contain the right parameters with ecological significance. The terms in (A4.2.65) are obtained
from the the integrals (A4.2.51) whose derivation is fully given in appendix A4.2(iii), that
culminates with the derivation of the terms m i (A4.2.53), u\ (A4.2.63) and U2 (A4.2.64). Since
we want conditions for (A4.2.65) to be less than zero, we need to emphasize the right parameters
in ui (A4.2.63) and U2 (A4.2.64) so that(A4.2.65) is less than zero. What we realy need is to
get conditions on the host density h.
The key parameters involving h are: (1) - total odour concentration produced by hosts, ot — ^
(A4.2.27d); and (2) - the net change in fly fecundity, <5, where 5 — V2 —V\h (A4.2.57c), V2 is fly
natural mortality rate and v \ h is host population effect on per fly birth rate. The remaining
parameters can be grouped according to their ecological role from an environmental or vectorial
considerations. The environmental parameters are: a = b — a ( “spread” of the herd), 7 (rate
of odour decay), uq (constant wind speed) and D c (odour diffusion coefficient). We also note
that the term

(A4.2.66) which frequently appears in our calculations is a combination of

environmental parameters.
The biological reality that flies disperse is clearly contained in our initial spatial model system
(2.5.5d) and other resultant models accruing out of it (4.6.3). In our efforts to fully describe
the variable of interest h, we obtained the term q*{h) (A4.2.76) which is the speed of fly spread
attracted by host population, h. This speed is decomposed into two speeds, given by the terms
ql{h) (A4.2.77a) which is fly speed due to host odours and q^ih) (A4.2.77b) which is fly speed
due to host spread.
Thus, (A4.2.76) gives us the net fly speed of spread due to the presence of host population, h;
therefore, we are particularly interested with the minimum host density, h i , that will guarantee
fly population takes off. It now follows that satisfaction of condition (A4.2.79) provides us the
minimum host population, hi for fly population to take off, with the upper bound of (A4.2.79)
coming from the fact that hosts can not have unlimited growth. Then necessary condition for
hosts to attract flies is given by (A4.2.100), and which is graphically illustrated in Figure 4.12
showing the locations of each term in condition (A4.2.100).
We see from Figure 4.12 that odour attractancy is clearly needed for fly population to take off
whenever host population h < ^ =
h >

(see Appendix A3.3(v)), but when host population

the fly population will increase even in the absence of odour attraction due to high

host density. Thus, since hi is the minimum host density required, then at low host density,
odour attractancy is needed whenever hi < h < '^ (Figure 4.12), with the component of fly
speed qi{h) (A4.2.77a) being influenced more by host odours, but when host density increases
and h > ^ , the fly population will increase even in the absence of odour attraction because of
high host density, with the component of fly speed q^ih) (A4.2.77b) being influenced more by
host density and spread.
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Figure 4.12: Graphical illustration of the necessary conditions that are required for fly popu
lation to take off. Odour attractancy is needed for fly to take off whenever h\ < h <

but

when h > ^ , the fly population will increase even in the absence of odour attraction due to
high host density.

Figure 4.12 reflects two possibilities that are not obvious from condition (A4.2.100). First, an
an increase in host spread, a while host density, h is fairly constant in the time scale of fly life
span. Second, a big increase in host density, h. In the former case, an increase in host spread,
a shows that fly speed due to host spread, q^ih) (A4.2.77b) decreases hence, the slope of the
dotted line (Figure 4.12) decreases reflecting an increase in fly mortality and low reproduction,
therefore, to have a meal flies have to apply good host finding techniques as a result of the
expected host dispersion, where fly speed is to a large extent ‘host-spread’ specific.
In the latter case, the effects of high host density and host spread are both important, and similar
to the first case we find that the slope of the dotted line (Figure 4.12) decreases reflecting an
increase in fly mortality and low reproduction, therefore, unlike the first case, feeding is now
made easy because of the high host density which increases the amount of host odours in the
environment making it now easier for flies to locate then in combination with visual cues and
hence, fly speed in now to a large extent ‘host-odour’ specific.

(iii) C o n d itio n s for fly p o p u la tio n to ta k e -o ff
Having a minimum host density is needed to attract tsetse flies as explained in (4.6.1(ii)), but
that is just a necessary condition, we still have to present sufficient conditions needed for fly
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population to take off. From our findings in appendix A4.2(iv), we summarize further necessary
conditions needed on the right parameters for fly population to take off. These conditions like
many others do not act in isolation, but rather supplement and act in conjunction with each
other in the way they influence the overall fly population. From appendix A4.2(iv) we see that
for a fly population to take off the following conditions must hold:
1. condition (A4.2.105): there is a minimum fly-odour association required, so that once the
number of flies attracted per unit of odour concentration as measured by (3 satisfies (A4.2.105)
then fly population will increase;
2. condition (A4.2.107): the fly’s birth rate lies in this interval, where the lower bound tells
us that flies need a certain level of minimum birth rate before its population can take off,
and once that happens, the fly’s birth rate should not surpass the maximum value given as
the upper bound in (A4.2.107) otherwise, a fly population with birth rate greater than the
upper bound of (A4.2.107) will increase so fast compared to the hosts that in due time it
will decimate the host population as its food source leading to its own extinction. Thus,
(A4.2.107) guarantees that the fly birth rate is not too low as to be unable to support an
initial viable fly colony, or too high as to collapse because of its own success due to decimation
of its food source;
3. condition (A4.2.109): this is the fly population maximum natural death rate, so that a fly
population will take off so long as its natural death rate does not surpass this value. A fly
population with a natural death higher than (A4.2.109) will be unable to take off irrespective
of the available host density;
4. condition (A4.2.113): a fly population that takes off implies that density-dependent factors
such as need for: hosts food; sexual mates and space for larviposition will impose a re
quirement for flies to disperse more often and widely, therefore, (A4.2.113) implies that a fly
population that takes off will have a minimum dispersal rate which is dependent on “spread”
of the herd, cr. Thus, as the herd spreads out more, the fly dispersal increases. That sounds
logical, and what (A4.2.113) does is that it confirms a logical fact in a quantitative way.
On combining and algebraically manipulating the necessary conditions as described in A4.2(iv),
we obtain (A4.2.121b) that gives us the sufficient condition needed for fly population to take
off. This sufficient condition yields (A4.2.121c) which is the density of host population needed
beyond the critical density h\ for the production of sufficient odours to sustain fly activity. It
is clear from (A4.2.121b) that h\ < Hn < ^

The host density hj^ (A4.2.121c) is the

portion of host population that supports and brings about an increase in the fly population.
Finally, (A4.2.122) summarises the necessary and sufficient condition needed for fly population
to take off, with Figure 4.13 giving a graphical illustration of (A4.2.122).
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Figure 4.13: Graphical illustration showing that a host population of size

^ —hi beyond

the critical density h\ will produce sufficient initial odours that will enable a fly population to
take off through attraction and feeding on hosts.

Clearly, while h\ is the critical minimum host density required for fly population to take off,
it is the additional part, h/v (A4.2.121b) which ensures that sufficient odours are produced
that attract tsetse flies in sufficient numbers which in turn implies that more flies feed hence
increasing their population through enhanced fecundity and survivability.

4 .6 .2 E s tim a tin g th e fly ’s r a te o f d iffu sion ,
The odour attractant rate of diffusion. De-, is easily computed if we know the chemical compo
sition of the odour through its molecular formula. For tsetse fly it is a bit tricky, nevertheless
field research work done by Williams et al. [81] in Nguruman area of Kenya provides us with
probably the first attem pt to estimate tsetse rate of diffusion by using theoretical model and
field data. The approach of Williams at al [81], yielded fairly reliable estimates of fly rate of
diffusion. They made use of the random walk approach where they assumed that fly movement
takes place in a series of steps, each of length I. If each step takes place in a time r, the number
of steps taken in time t is
By using the Central Limit Theorem [208, 230, 241, 242], they were able to relax the restriction
that the step length should be constant and hence demanded only that I corresponds to the
root-mean-square step length. They assumed that if d is the flys root-mean-square displacement
in a given time then they defined dP to be

177

(f

=

r

(4.6.4)

They further observed that the random walk approach and diffusion equation will be equivalent
provided

Dm

— —

(4.6.5)

The data used in this thesis for parameter estimation was collected from the same location by
the authors of the paper referenced here i.e. [81] hence, we shall adopt (4.6.5) as the equation
for estimating the fly rate of diffusion. Results from field studies on tsetse flies [81] showed
that the duration of each flight is between 1 and 2 min. W ith an average flight speed of 5 m
s “ ^, each flight will cover between 300 and 600 m. They further noted that a diffusive model
in which flies move randomly in steps of 50-200 m in the absence of host stimuli provided a
reasonable starting point.
The flying time of tsetse flies is further limited to about 15-30 min day“ ^, and with a flight
speed of 5 m s~^, the total distance flown per day would be 4.5-9 km. They further noted that a
step length of 50 m and a total flight distance of 4.5 km gives a root-mean-square displacement
in 1 day of 167 m, while a step length of 200 m and a total flight distance of 9 km gives a
root-mean-square displacement in 1 day of 1.3 km.
If we take average measurements we find that with a flight tim e limited to 25 min and a step
length of 125 m and a total flight distance of approximately 7 km will give a root-mean-square
displacement in 25 min of approximately 734 m. Changing to our units we obtain a root-meansquare displacement in 1 s of 50 cm. Therefore, from (4.6.5) we see that the estimated vector
population rate of diffusion will approximately be

D m = 625 cm^ s ^

(4.6.6)

and this is the value that we shall use as our estimate for tsetse fly rate of diffusion in any
future simulations.

4.7 Conclusion
The difficulty with analytical models is the hardship associated with obtaining suitable para
meter estimates. Of all the parameters that we have used, it is only the fly-odour association
parameter, (3 that has not been estimated experimentally. The assumption that the host pop
ulation is constant is true if considered in a smaller area like our patchy environment over a
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shorter time duration similar to the lifespan of a fly, but violated if considered in a wider scale
and over a length period of time similar to the lifespan of a host.
The results we have arrived at and presented are general in nature. However, all parameter
values in Chapter 4 are means, without taking into account variable female activity through
pregnancy cycle or differences between males and females. In fact the data on time and distance
of flight refer to males, but fecundity is a female attribute. Effective applications of our findings
will need finer details that we could not cater for in our models, for instance the role of seasonal
variation in herd spread which usually happens in dry seasons (October-February) when herds
travel for long distances in search of pastures and water, thereby resulting in tsetse fecundity
being lowered.

Clearly, in such environmental conditions, the fly population will also have

to disperse longer distances in open woodland in search of food and in the process expose
themselves to flying predators. In dry seasons, tsetse flies use a considerable amount of time
and energy struggling for survival in search of food with little energy left for procreation.
The key theme in the fly dynamics is trophic interactions, and although in the process of tsetse
feeding there is a mortality associated with the fly feeding process, this is not accounted for
in our analysis because non-trapping mortalities have all been grouped together under one
parameter as the fly’ natural death rate.

The realization that herd spread with increasing

herd densities promotes fly dispersal is important, because over the years herd spread over the
African savanna by pastoralist farmers in search of water and pasture might have inadvertently
contributed to the spread of tsetse flies, and by implications the economic and disease problems
associated with human and animal trypanosomiasis.
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A PPEN D IX 4
A4.1 Stationary solution of (4.4.2)
(i) M a tc h in g so lu tio n s across b ou n d a ries
Considering the scenario presented in Figure 4.6, we see that if we now take the solutions in
the three sectors x < a, a < x < b and æ > 6 to be C_(ar), C q{x ) and C+{x) respectively
then the matching conditions to be satisfied across x = a and x = b (Figure 4.6), are

C-{a)

=

Co{a)

(A4.1.1a)

C'_{a)

=

C'oia)

(A4.1.1b)

Co{b)

= C+{b)

(A4.1.1C)

Co(6)

= C+(fo)

(A4.1.1d)

It now follows from (A4.1.1b) and (4.4.2) that

2

ax^^

ax

1 dP'C
- D — =—
2 dx^^

- 7 C + — — 0, for a < z < 6
e
dC
dx

uq —

(A4.1.2a)

7 C — 0, for a; < a or a: > 6

(A4.1.2b)

hence, we now look for solutions and matching conditions to (A4.1.2) to ensure that the match
ing conditions (A 4.1.1) hold at the boundaries x = a and x = b (Figure 4.6). If we look at the
general case where {a < x < b) : x E ü,q then considering (A 4.1.2a), we see that

and since C the solution of (A4.1.3) is a function of both x and e which we write as C = C{x; e),
and taking derivatives with respect to x, we now put the following substitutions

=4>

R{ x ]£)

=

lC{x;£)-^

=>

i C{ x\ e )

E!{x;e)

=

^ C ' { x ; e)

= >

C'{x;e)

=

^R'{x;e)

=

^C"{x-e)

=4>

C ” {x \ e)

=

^ R ” {x \ e )

R " { x ]£)

= R{x;e) + ^

(a)

{b)

(A4.1.4)

(c )

into (A4.1.3), which upon some rearrangement yields

R " { x ; e ) - ^ ^ R ' { x ',e ) - ‘^ R { x \ e )

— 0

(A4.1.5)
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Equation (A4.1.5) is a second order homogeneous ODE whose characteristic polynomial is given
by

A2 _
with its roots,

D

- ^
D

=

0

(A4.1.6)

given as

+

(A4.1.7a)

and

=

- ( - ^

+ V H

=

-A ; < 0

+ Ï )

(A 4 .1 .7 C )

(A4.1.7d)

It now follows from (A4.1.7) that

AiA;

=

do

^

— A%4- Ag — 2 ^

^0=

Al — A2) — —— > 0‘
dJc

(A4.1.7e)
(A4.1.7f)
(A4.1.7g)

The general solution to (A4.1.5) is now given as

R{x\e)
^=^R'{x\e)
where A{e)

= A(£) exp(Aix) + B(e:) exp(—A2X)

(A4.1.8a)

= A(£:)Ai exp(Aicr) — S (e)A 2 exp(—A2X)

(A4.1.8b)

and B{e) are constants of integration that can be dependent or independent of e.

Using (A 4.1.4a)

wenow replace the solution (A4.1.8) in R{x] e) by C{x] e), and if we let a = ;^

we now obtain that

C{x;£)

= a + A(&) exp(Aiz) + B (s) exp(—Agar)

(A4.1.9a)

=^C'{x;£)

= A(e)Ai exp(Aix) — B(e)A2 exp(—A^a;)

(A4.1.9b)
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Since

h =

when x <

0

a

(H_) oi x >

h

(H+) (which means that a = 0) and

h

>

0

when

(Ho), it now follows that

a < X < b

C - ( x ;£ )

=

Ao(e) exp(Aix) + Bo(e:)exp(-A 2x)

(A 4.1.10a)

Co{x;£) =

Û! + A i(£) exp(Aiæ) + B i(£) e x p (-A 2x)

(A4.1.10b)

C^{x;e) =

^ 2(5} exp(Aiz) + 5 2 (e) e x p (-A 2x)

(A4.1.10c)

where the matching conditions (A4.1.1) are used to determine the respective constants of inte
gration in (A4.1.10).

For {x <

a )

:X e

Q _:

The boundary condition is C_(oo)

=

0, so that B o { e )

=

0 in (A 4.1.10a).

Hence,

C _(x ;e)

=

Ao(£)exp[Ai(x - a)]

C _(a) = Ao(e)

C ^ (x;e)

=

AiAo(e) exp[Ai(x - a)]

C l( a ) = AiAo(e)

(a)

, .^
(A4.1.11)

(b)

where Ao(e) is a free-parameter that will be reflected in subsequent equations.

For (a < X < b) : X G Qq: From (A4.1.10b), we have

Co(x;e) — a + A i(e) exp[Ai(x - a)] + B i(e) exp [-À 2(x - ci)j

(A 4.1.12a)

C*o((i) — û; -f- Al (c) 4- 5%(s)

(A 4.1.12b)

Co(6) =

Q -f-A l(s) exp[Ai (6 —u)] 4 - 5 i (5) exp[—A2(6 — u)]

(A 4.1.12c)

A iA i(e) exp[Ai(æ - a)] - A2 5 i(e ) exp [-A 2(2; —a)]

(A4.1.12d)

(7q(ci) =

Al Al (s) — A^Hi (s)

(A4.1.12e)

6 *0(6) =

AiAi(£) exp[Ai(6 —a)] - A2 5 i(e:) exp[—A2(6 —a)]

(A4.1.12f)

and similarly

6 *0 (2;;£)

For (x > b) : X G

=

Using (A 4.1.10c) and taking into consideration the boundary condition

6 + (00) = 0, it follows that A2(c) = 0, and hence

C+(z; g)

= 5 2 (£)exp[-A ^(2; - 6)]

C_|_(2;; s)

= —A2 5 2 (£) exp[—A^(x —6)]

C+(b) = B 2(e)

(a)

= > 0 _i_(b) = —À2B 2(s) (b)
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If we now put the three equations (A 4.1.11a), (A 4.1.12a) and (A 4.1.13a) together for ease of
reference and let a = —| and ft = f then we have

C-{x\e)

= A o(e)exp ^Ai

Co{x;£)

= a + A l (5) exp

, æ < -^

^

J3i(é:)exp ( - A 2

C+{x\£)

(A4.1.14a)

+

I)) ,

= ^ 2(6) exp ( - A 2

(A4.1.14b)

- I ) ) » a; > ^

(A4.1.14c)

Despite the presence of e, equations (A4.1.14) are continuous and differentiable at the boundary
points

X

—

and x = | while at the same time satisfying the boundary conditions (7(—00) =

C{oo) = 0. An illustration of what we expect is given in Figure 4.7, with the dotted rectangle
being the ^-neighbourhood region of z = 0 where the concentration of host odour is highest
and increases as we approach the point z = 0 from either direction (Figure 4.7).
The satisfaction of the matching and boundary conditions are necessary to ensure the smooth
ness of our solutions C _ (z ), Co(z) and C +(z) when we consider the limiting case as e — > 0.
It now follows that for continuity and differentiability to hold at z = a = —| , the matching
conditions will be

C —{a) — Co[a)

=>

Ao(s)

C_{a) = C q{o)

= > AiAo(s)

— a - f - A i ( e ) -1-Si(£:)

(a)

— XiAi[e) —

(ft)

(A4.1.15)

and solving (A4.1.14) simultaneously yields

Bi{e)

=

A i(e)

=

(A4.1.16a)

do
A „ (e )-^
do

(A4.1.16b)

where do — Ai 4- A2 > 0. It now follows that by putting (A4.1.16) into (A 4.1.12a) yields

C q(z ;£ )

=

Û!

+

aAi
do

(-^’
exp

A2 ^z -f

+ 1))

“
(A4.1.17)

Similarly, for continuity and differentiability to hold at z = ft = ^ then the matching conditions
will be (A4.1.1c,d), which give
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^ 2(6) — û: + I ^ 0(5) — —-— 1 exp(Aj£) — —— exp(—Ags)
(iQ J

do

QA2 A
,_ ,
c^Ai A2
—\ 2 B 2 {e) — Al ^Ao(E) — ——j exp(Ai£) H------—— exp(—A^c)

(A4,1.18a)
(A4.1.18b)

which on multiplying (A 4.1.18a) by A% and subtracting (A 4.1.18b) from yields

^ 2(^)

— —I—{1 —exp(—A26:)}
do

(A4.1.19)

which upon substituting into (A4.1.13a) yields an equation for C^{x\e). The three equations
containing the free-parameter are now given

els

C_(ar;e)

=

Ao(c)exp ^A%

, z < -^

Co{x\£)

=

a -l-^ A o (e) -

exp^Ai (ar-h I ) ) -

aA

- exp
do

C +(x;e)

=

A2

-

f

-

(A4.1.20a)

, —- < X < -

^ { 1 _ e x p (-A 2£)}exp ( - A 2 ( x - I ) )

(A4.1.20b)

, x > ^

(A4.1.20c)

To determine Ao{e) we use (A4.1.20b) and (A4.1.20c) and utilize any of the matching conditions
in (A4.1.1c,d) which on doing yields

A o{e)

— - y —{1 —exp(—A is)}
do

(A4.1.21)

and substituting (A4.1.21) into (A4.1.20a,b) and simplifying we obtain the full solution given
as

C _(x;£),
C{x\e) =

- |

Co(z;6),
C + ( x ; 6) ,

where

X <

(A4.1.22)
X >

I
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C-{x\£)

=

^ j e x p (Ai ( æ + I ) ) - e x p (Ai ( a ; - I ) ) }

C„(x;e)

=

a _ ^ e x p (A ,(x -|))-^ e x p (-A ^ (x + |))

(A4.1.23a)

(A4.1.23b)
C+{x]£)

—

do {®^P ( “ ^^2

“ 2)) ~

+ 2)) }

(A4.1.23c)

(ii) T h e lim itin g ca se as e —> 0
We are now in a position to determine the limiting values as £ — > 0. From (A 4.1.23a), we see
that

C-(x;£)

=

and as £ — > 0,

liXiX^\ / e x p (A
-l^£ \) - e x p (/ - -Aie
^)
-------------- Â77--------------I

j exp(A iz)

y

(A4.1.24a)

— >1 and hence C _ (z ;s) — > C _ (x ), which now gives

C _ (z)

=

^

^ exp(Al x ) , if X < 0

(A4.1.25)

From (A 4.1.23b), we see that

C o (x ;e)

=

^

1^1 -

^ e x p ( A i x )

_

^ e x p ( - A J x )

^

(A4.1.26)
Clearly, as £ — > 0, x — > 0 and therefore

C 'o (x ;e )

— >■ Cq where Cq is the initial odour

concentration at x = 0. Hence, if we now apply L’Hospital’s rule [269] and then take the limit
of (A4.1.26) as £ — > 0 we obtain

Co

From (A 4.1.23c), we see that

=

li\ f

{^)

A1A2

I,

if

X

= 0

(A4.1.27)
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(A4.1.28a)
2 sinh
(A4.1.28b)

expf-A ox)

and as e — > 0,

and hence C+(z; a) — )■C +(x), which now gives

C+{x)

=

^

) e x p (-A 2z ),

if X > 0

(A4.1.29)

The matching solutions C _(x) (A4.1.25); C q (A4.1.27) and C +(x) (A4.1.29) are graphical shown
in Figure 4.8, where the initial odour concentration, Co, is the apex point where C _(x) and
C +(x) meet.

A4.2 Analysis of the spatial model (4.6.3)
(i)

In te g r a tin g fa cto r, v{x), a n d p o te n tia l fu n c tio n , V{x)

From section 4.6, we saw from (4.6.3) for purposes of clarity that the component of vector
population can be written as

^

=

aoN" - w ( x ) N ' - F ( x ) N

(A4.2.1a)

where

ao

=

—DA;2 > 0

(A4.2.lb)

w(x)

-

2(3DC'{x)

(A4.2.1c)

F{x)

=

2PDC"{x) +

V2 - v i h

(A4.2.1d)

and where function w(x) is the rate of change of C{x) at x, whereas function F (x ) is the
optimality of C (x) at x. Assuming steady state conditions for C (x) ( ^ = O), then the solution
(4.5.3) applies, hence we are able to calculate C"{x) explicitly, thus we now have that

C "(x)

= A fC -(x) > 0

(A4.2.2a)

C "(x)

= A;^C+(x) > 0

(A4.2.2b)

F ± (x)

= 2/3DC'l{x) + V2 > 0

(A4.2.2c)
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Also

C q (x )

=

do

and so F{x) < 0 if

{Al exp[Ai(x - h)] + Ag exp [-A 2(a: - a)]} < 0

(A4.2.3)

^ (condition for N* > 0), F{x) could have variable sign if h < ^

(condition for N* < 0).
Let us now define L as a linear elliptic operator that is given as

Q
^ ^ ^^dx^ ~

^

~dt

^

(A4.2.4a)

with relevant matching and boundary conditions being same as they were for C{x), that is

N±{:too,t)
N -{a,t)
No{b,t)

= 0 = Ar^(±oo,t)

(A4.2.4b)

—No{a,t), N'_{a,t) = NQ{a,t)

(A4.2.4c)

= N+{b,t),

(A4.2.4d)

AT'(6,i) = N!^{b,t)

This gives a solution N { x , t ) which is continuous and differentiable everywhere, with AT'(x, t)
continuous in x but N ”{x, t) is not continuous. It now follows that from the theory of operators
[234, 270], we know that if L is a self-adjoint operator, that is symmetric ([N'C — NC']%Za = O),
then for some square integrable functions / , g G £^(M) where £^(M) is some Lebesgue space in
M, that is, the space of £^-functions on M with inner product

/ oo f g

dx

(A4.2.5)

-O O

then it now follows that

/

OO

POO

Lfg d x =

f L g dx

(A4.2.6)

J — OO

-O O

For L to be self-adjoint we need to show that: (i) N ”{x)\

(ii) F { x ) N { x ) and (iii) uj{x)N'[x)

are individually self-adjoint, and since w(x) is continuous and F{x) isn’t, it is clear that L is
^never’ self-adjoint if a; (x) 7^ 0.
Case 1: N"{x)
Integrating by parts gives

/
=

-||iV '||2 < 0

OO

dx

(A4.2.7a)

-00

(A4.2.7b)
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which shows that the operator L : N — > N" is ^negative definite^. To show that it is selfadjoint, we let f {x ) be any 2-times differentiable function with /" E £^(1R). Then integrating
by parts yields

/

OO

N ' f dx
-OO

/
/
=

(A4.2.8a)
oo

N f " da:

(A4.2.8b)

-D O

OO

N f ' dx

(A4.2.8c)

-O O

< AT, f" >

(A4.2.8d)

Case 2. F{x)N{x):
Similarly, for any / E

it now follows that

/

poo

OO

{ F N ) f dx ^

/

-OO

J

N(Ff)dx = < N , F f >

(A4.2.9)

—oo

hence F N is self-adjoint.

Case 3. u){x)N'{x):
Using a similar approach, we find for any / E

/

we obtain that

oo

N ' { u f ) dx

(A4.2.10a)

-OO

/

OO

N { u f Y dx

(A4.2.10b)

-O O

=

- < AT, {ujfY >

(A4.2.10c)

=

~ < N , u f > - < N ,u 'f >

(A4.2.10d)

To be self-adjointrequires that < u jN ', f > = < N' ,u jf >. Even if we assume w to be constant
(tj' = 0), we only get

<

ujN

'J >

=

~<N,ujf>

(A4.2.11)

Therefore, self-adjointness of L holds only if cj = 0. Self-adjointness of L is a necessary condition
if we are to perform an eigenvalue analysis on the spatial model (A4.2.la ). Therefore, we need
the operator (L) to be self-adjoint whether w = 0 which we have already seen or w ^ 0 which
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suitable conditions that make the coefficient of the first derivative to be zero by use of suitable
integrating factor, which we shall indicate by î; = î;(x ).
We now want to reduce problem (A4.2.la) to be in standard eigenvalue form, therefore we let
our new function transformation be given as

N(x,t) =

= s.

^

(A4.2.12)

From (A 4.2.la) it now follows that

BN
—

=

a o [e > ]" -a ;[e > ]'-F [e > ]

=

ao[e^'0' +

(A4.2.13a)
— F[e'^iJj]

=

+ 2v'xl^' + ifjv'' +

—uj[ip' +

=

+ [2aot;' - u}]ip' + [aou" + aov''^ —uv' —

(A4.2.13b)
(A4.2.13c)
(A4.2.13d)

To make the coefficient of ip' — 0, we take

2aov' —w = 0

=>

v" =

-—
2ao

(A4.2.14)

and

z;(z)

— - — [ uj{x) dx

(A4.2.15)

2ao J

It now follows that substituting v' and v ” into the second bracketed term of the right hand side
of (A4.2.13d) and simplifying we obtain that

a o v " a o v ' ‘^ - ujv'- F

=

2

^ - F
4ao

(A4.2.16)

It now follows from (A4.2.12), (A4.2.13d) and (A4.2.16) that

W

^

=

( t

aoV>" - V{x)^|l

where V (x) is the ^'‘potential functiori'^ that is given by

^

(A4.2.17a)

(A4,2.17b)

189

V{ x)

u^(x)

Uj'{x)

4ao

2

=

F (x) +

=

2(3^D
(5DC"{x) + V2 - v i h + - ^ C ' ( x )
K2

~

C L i C

(x) +

V 2

—

V

\ h

+

(A4.2.18a)

o , 2 C

\ x ^ ^

(A4.2.18b)
(A4.2.18c)

where

Û1

/3D > 0
2P‘^D

Û2

k2

(A4.2.19a)

> 0

(A4.2.19b)

and combining a\ and ü2 we see from (A4.2.1c) that

ao

=

(A4.2.19c)

- i >0
Û2

with ao being some measure of diffusion because its units are cm^ s ^. It now follows from
(A4.2.17b) that

L* = ao

y (x )

dx"^

and in which case L* is

now self adjoint and that is what we needed.It isworth

(A4.2.12) and (A4.2.20)

that the relationship between L and L* is

LN =

= e^L* [e~^N]

=>

e~^L [AT] = L*[e~^N]

(A4.2.20)
noting from

(A4.2.21)

It now follows from (A4.2.1c), (A 4.2.Id) and (A4.2.15) that

(A4.2.22)
Using the solution (4.4.3) for C{x), we have

v - { x ) = I^C '-(x),
v{ x) = < ^o(a^) — ^^o(a;),

and similarly

if

{x < a)

if

{a

if

(x > b )

<

X < b)

(A4.2.23)
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V-{x) = aiC'l{x) + V2 + a 2 C'_{x)'^,

if {x < a)

Vo{x) = ai Cç l{x )-\-V2 - v i h - i - a 2 CQ{x)'^,

if {a < x < b)
if

V+{x) = aiC'l(x) + V2 + a 2 C\{x)^,
with V{ x) being some rate because its units are s

(A4.2.24)

{x > b)

We can now substitute (4.5.3) into

(A4.2.24) while taking into consideration the value of h as given in (4.5.1). We now obtain that

V{ x) = <

V-{x)

=

0!i exp(Aiar) + q;2 exp(2Aia:) + 1^2,

Vo(x)

=

/3i exp(Aix) +

if (x < a)

exp(-A ^x) + ps exp(2Aiz) +

(34: exp[(Ai - Ag)];] + (3^ exp(-2A2T)
V+(x)
where (Ai — Ag) =

=

V2 - v\h,

7i exp (-A 2x) + 72 exp(-2A 2x) 3 - V2,

^
if {a < x < b)
if (a; > b)

> 0 (4.3.9), and the values of the constants are given by

Qi

= a o A i[e x p (-A ia ) - e x p (-A ift)]

Oi2

~

(3o[exp{-X \ a ) -

(3\

=

-a o A i e x p (-A i5 )

(32

= -CKoAg exp(A2o) < 0

(A4.2.26d)

/?3

= ^ o e x p (-2Aife) > 0

(A4.2.26e)

04

= — 2 j6 o e x p ( — A i 6 -I- A 2 <i) <

/?5

= /3oexp(2A2a) > 0

(A4.2.26g)

71

= 0!oAi[exp(A25) - exp(A2a)] > 0

(A4.2.26h)

72

= i5 o [e x p (A 2 6 ) - e x p (A 2 u )]^

(A4.2.26i)

with the units of these constants being s

e x p (-A i5 )]^
<

>
>

0
0

(A4.2.26a)
(A4.2.26b)
(A4.2.26c)

0

(A4.2.26f)

0

>

0

, and

oiAi A2
do

ao

=

a\

00

=

02

ao

=

^ = ^i>o
00
02

qAi A2

>0
> 0

(A4.2.27a)
(A4.2.27b)

dn

(A4.2.27c)

and where

a

lih
7

(A4.2.27d)
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with a i, 02 as given in (A 4.2.19a,b) and Ai, A2 as given in (A4.1.7), and (A4.2.27c) from
(A 4.2.19c). Typical graphs of V{ x) (A4.2.25) for different values of P are shown in Figure 4.11
with discontinuities evident at the boundary points x = a and x = b.

(ii)

E ig e n fu n c tio n s an d eig e n v a lu e s

It is now clear from (A4.2.20) that

L*i{j

=

ao'ip" - V{x)iij

(A4.2.28a)

hence L* should now satisfy some relevant boundary conditions which are

V^(±oo,^)

=

0

(A4.2.28b)

An important requirement for (A 4.2.28a) to hold is that the potential function should be posi
tive, that is

V{ x)

>

0.

(A4.2.29)

similar to the lower graph in Figure 4.11 however, (A4.2.28b) is not a requirement for (A4.2.28a)
to hold because (A4.2.28a) is simply a definition of the operator L* whatever V is. The host
density

^ is constant for a < a; < 5. If we take the term that contains the necessary

biological information {v 2 —v\h) and impose the condition that

V2 ~ v \ h >

(A4.2.30a)

=> 0 < h < —
Vi

(A4.2.30b)

then we are guaranteeing that the equilibrium

(A3.3.7b) is unstable and the equilibrium

(A3.3.6b) is the only possible stable equilibrium which from what we saw in (A3.3.39) imply
that N* < 0 because P* < ^ which is not a biologically meaningful situation.
From Figure 4.10 and (4.5.3), we see that if we consider {x < a) we get

C _(x) > 0, C'_{x) > 0,

C'l{x) > 0

(A4.2.31)

and doing the same for {a < x < h) we get

Co{x) > 0,

C ;(z) > 0

or

C'q{ x ) = 0

or

C'o(x) < 0,

CH(x) < 0

(A4.2.32)
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and for (a: > h) we get

c+(z) > 0 ,

< 0,

>o

(A4.2.33)

From V{ x) (A4.2.24) and Figure 4.11 we similarly obtain that

V-{x) > 0 ,

{x < a)

V{ x) = < Vo{x) < 0 or
V^{x) > 0 ,

= 0 or

>0,

{a < x < b)

(A4.2.34)

{x > h)

It is clear from (A4.2.34) that the potential functions VL,

are positive in their domains of

definitions, but Vb need not be positive in its domain of definition. However, Vo will always be
positive everywhere if and only if

V2 + a 2 CQ{x)’^ > v \ h - uiCq (x) > 0.

(A4.2.35)

When V{ x) > 0 then there exists a complete orthonormal set of eigenfunctions of operator L

(A4.2.36)
satisfying the relevant boundary conditions ipi{±.oo) = 0 for i = 1, 2,3, • • • , n, • • •, and corre
sponding eigenvalues Aq, A%, A2, • • • , A„, • • • such that

L "Ipfi -|-

— 0

(A4.2.37)

It now follows that

(A4.2.38)
[234], where Ao is the ground-state or minimum eigenvalue. We need to express (A 4.2.lb) as
a standard eigenvalue problem that is time-independent unlike what we have in (A4.2.20) or
(A4.2.28a) therefore, let us assume that (A4.2.lb) has separable solution which can be expressed
in the form

N{x,t)

=

'ip{x)e -xt

(A4.2.39)
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where A > 0 which on substituting into (A4.2.lb ) yields a linear eigenvalue problem that is
given as

aoip”{x) - u{x)'ip'{x) — (A + F{x))'ip{x)
where the

=

0

growth term A with units s~^ is considered aneigenvalue.

(A4.2.40a)
We next reduce the

problem (A4.2.40a) in the standard form by introducing a transformation of the form

^p{x)
so that

on substituting

— '0o(a;)e^^^^

(A4.2.40b)

(A4.2.40b) into (A4.2.40a) yields

+ [2aot?' - uj{x)]'ijjQ - [A + F{ x) - aov'"^ - aov" + u>{x)v']'ipo — 0

(A4.2.40c)

This equation (A4.2.40c) is similar to what we have in (A 4.2.13d) therefore, using a similar
procedure, we equate the coefficient of 'ipQ in (A4.2.40c) to zero to yield an equation similar to
(A4.2.15), and on simplifying the coefficient of ip yields the ^potential function' V{ x) which is
similar to the one given in (A4.2.18). From (A4.2.40c) we now have our eigenvalue problem
(A4.2.40a) which reduces to the standard eigenvalue problem form that is given as

CLQipQ — [A + V^(a;)]'0o

— 0

(A4.2.40d)

B C : 'ip{—oo) = -0(00)

— 0

(A4.2.40e)

This equation (A4.2.40d) is a steady-state equation which satisfies the relevant boundary con
ditions {BC). The eigenvalues of (A4.2.40d) are real and positive (A G R, A > 0) provided
V{ x) > 0.

If we now combine (A4.2.12), (A4.2.39) and (A4.2.40b) we obtain the relevant

separation formula that is given as

'ip{x,t)

=

'ipo{x)e

so that if A > 0 then 'ip{x,t) — > 0 as t — > oo.
eigenvalue if it is true for

Aq.

(A4.2.41)

From (A4.2.38) this will occur for any

Under this circumstances, the fly population will collapse to zero.

An important property of standard eigenvalue problem is that provided the potential U (x) > 0
then its eigenvalues (A) are real and positive (A G R"*") [233, 234]. It now follows from (A4.2.41)
that since it is possible to obtain a suitable function ^o(a^) > 0 then if A > 0 we would expect
the fly population to collapse and if A < 0 the fly population will take off. From (A4.2.39), a
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fly population can be viable only if Ao < 0 therefore, we need to look for conditions which will
guarantee that A < 0.
Clearly, (A4.2.40d) is a Sturm-Liouville (S-L) equation with t/jo G £^(M) and satisfies the
boundary condition (A4.2.40e). The lowest or ground-state eigenvalue,

Aq,

is often the most

important one in applications, the Rayleigh-Ritz method connects eigenfunctions to eigenvalues
and provides an effective way of obtaining approximations for

[234, 271]. Since 'ipo is an

Aq

arbitrary eigenfunction, we let rpo = '^ for ease of writing and also not to confuse it with the
ground-state eigenfunction which will be represented by 'ipo{x) with a corresponding groundstate eigenvalue,

Aq.

Therefore, from (A4.2.40d) we obtain that

< ao'tp",ijj > - <

>

=

0

(A4.2.42)

where 'ip{x) is an eigenfunction subject to the boundary conditions (A4.2.40e) and A is a corre
sponding eigenvalue. We now manipulate (A4.2.42) in the relevant interval (oo, oo). From the
first term, we obtain the following

/

OO

ao'ip'''ip dx

(A4.2.43a)

-O O

/

OO

dx = -aoWip'lf

(A4.2.43b)

-O O

since [ao^Vj^oo = 0- The second term gives us

/

OO

V{x)ilP'{x) dx =

>

(A4.2.44)

-O O

and the third term gives us

/

oo

dx =

A||?/>||^

(A4.2.45)

-O O

If we now substitute (A4.2.43b), (A4.2.44) and (A4.2.45) into (A4.2.42) and making A the
subject we obtain the Rayleigh quotient as
A

=

>

(A4.2.46)

If we didn’t have condition (A4.2.35), then Vb(x) could not be positive everywhere hence Vo
could likely be zero on a set of non-zero measure [a,b]. The fact that A > 0 follows from the
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assumption (A4.2.29) that V{ x) > 0. It need not be true that 'ip{x) > 0. This only holds true
for the ground-state eigenfunction which we shall represent by
for V{ x) > 0 everywhere is (A4.2.34) for V±{x) and (A4.2.35) for

The relevant condition
V q { x ).

The condition for a non-zero fly population to be viable is Aq < 0. Clearly this requires V{ x) < 0
in some region. Therefore, what we need to have is the version of Rayleigh’s formula having
the form

<

" L.M2

(A4.2.47)

I l l ’ ll

for any twice differentiable function '0 (x) satisfying boundary conditions 'ip{±oo) = 0.

(iii) G r o u n d -sta te e ig e n v a lu e ,

Aq,

a n d c o n d itio n s for

Aq <

0

We note from (A4.2.39) that for the fly population to take off, we need

A

< 0 otherwise the

population will collapse. For that reason we want to establish under what conditions will the
ground-state eigenvalue be less than zero, that is,

Aq

0 . This will give us the minimum

<

necessary conditions required for all other eigenvalues. A*, i = 1, 2, • • • (A4.2.38) to be negative
or positive depending on how you look at it.

The Rayleigh quotient (A4.2.47) cannot be

used to explicitly determine the eigenvalue (since ^ is unknown) however, if ip is the lowest
eigenfunction then the minimum value of the Rayleigh quotient for all continuous functions
satisfying the boundary conditions (but not necessarily the differential equation) is the smallest
eigenvalue. Hence, if

Aq

is the smallest eigenvalue, then

ao||^'|P + < V,

>

where the minimum is taken over the Sobolev space of non-zero /22-functions having a (weak)
derivative and satisfying the boundary conditions at ±oo. The value of
tive of whether we are in region {x < a), {a < x <

b) o t

{x >

b)

Aq

is the same irrespec

(Figure 4.10). It now follows

from (A4.2.48) that

Ao

<

>

(A4.2.49)

for any suitable non-zero ip. In particular, this should hold for the trial function that we shall
introduce in due course. Hence, we now have
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(A4.2.50a)

mi + m2
m3

(A4.2.50b)

where

mi

=

£

m3

=

dijj{x)
dx

ao

/

oo

/

oo

(

dz

(A4.2.51a)

(A4.2.51b)

Vo{x)'ip'^{x) dx

(A4.2.51c)

dar
-00

We want conditions under which Aq < 0 hence, this requires the potential function V{ x) to
be negative in some region as illustrated in Figure 4.11. It now emerges that a suitable trial
function that is continuous and satisfies the boundary conditions ip{—oo) = ip{oo) = 0 is

0,

{x < a)

sin

,

0,

(a < X < h)

(A4.2.52)

{x > b)

which is our actual lowest eigenfunction which is orthogonal but not necessarily orthonormal.
It now follows that evaluating mi and m 3 first we now have that

2

m i = ao

f TT{ x- a)
h —a

dx =

aoTr
> 0
2(6 —a)

(A4.2.53)

and

m3

L

2 ( T^{x - a)
( b-a

h —a

Determining m 2 is a little more involving. However, we now have that

(A4.2.54)
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7712

J

sin^

iJ

—

J

VQ{x)dx

—^dx

(A4.2.55a)

Vb(a:)cos

(A4.2.55b)

— —77%+ —772

(A 4.2.55c)

It follows that, using the Vq form in (A4.2.25), we now have that

U)

=

-Qo(l - 0 “ <^o(l - w) + ^ - ( 1 - ^^) -

“ 0 +

—— (1 —w^) + 6{b —a)
'^2

(A4.2.56)

where oq, Po are as in (A4.2.27) and

4

— e x p [-A i(6 —a)] = exp (—Aifj)

(A4.2.57a)

u

= exp[—A2(5 —a)] = exp(—A^cr)

(A4.2.57b)

6

= 772 —77%
h,

(A4.2.57c)

where a = h —a. Note that 0 < ^ < w < 1 since Ai > A^. For the U2 term we have that

2A( A. (A l - A ^ )2 +
where z' =

(A4.2.58)
4A^2

y

and (A4.2.58) is obtained by carrying out a labourious integration term

by term. For purposes of simplification we can write 7ii (A4.2.56) and

(A4.2.58) in terms of

either ^ or w. From (4.3.9) we see that

Al - A^

=

^
> 0
Dc

(A4.2.60)

where we now want to distinguish between the odour diffusion coefficient, D c , and the vector
diffusion coefficient, D/y. It now follows from (A4.2.57a,b) and (A4.2.60) that

w

=

^0^ = e x p (-A 2cr)

(A4.2.61)
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where

(o

=

e x p ^ ^ (6-a)^

= exp

> 1

(A4.2.62)

with (T — b —a. We now substitute (A4.2.61) into (A4.2.56) and (A4.2.58). After simplification
and collecting together coefficients of

u\

=

^ and the constant. We now obtain that

(" t- +
Z \Ai
A2 /

+ [oio + O!o(o -

Uq

^ ((o - !)]( +

[—2ao + ~ — h ^ * + S[b —a)]
2A i
2A^

(A4.2.63)

and similarly

U2

=

- 2^1

ir
,

û!oA2^^0

72
A? + z'2 + TTT"
y^2 ^/2
-a„A ?
A] + z'^

+

'^PoUoDci^O — 1 )
T^T" y 7T%?---4^2
2^2

aoAj2 ^ 2/3qAi
Ag^ + z'^
4A? + z'^

J ^

,

Ç +

2^ qA;
.
4Ag^ + z'^

(A4.2.64)

Since we want conditions for mj + m 2 < 0 we don’t need to bother with m 3 (A4.2.54) since
after all it is always greater than zero. It now follows from (A4.2.50b), (A4.2.53) and (A4.2.55c)
that

m i + 1712

— m% + —26%+ —2^2

(A4.2.65)

In the process of determining the necessary conditions needed for m% + m 2 < 0 we need to
emphasize the right parameters in 221 (A4.2.63) and 222 (A4.2.64). W hat we want to get is
conditions on the host density h. The key parameters involving h are a = ^

(A4.2.27d) and

6 — V2 — v \ h (A4.2.57c). Let us assume that if we take e = fih then a = ^. The remaining
parameters can be grouped according to their ecological role from an environmental or vectorial
considerations. The environmental parameters are: a — b —a ( “spread” of the herd),
odour decay),
the term
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7

(rate of

(constant wind speed) and D c (odour diffusion coefficient). We also note that

which frequently appears in our calculations is a combination of environmental

parameters, that is

7<^0

^
y/u^ + 27%

(A4.2.66)
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where do = Ai 4- A^. From (4.6.3a) we see that the vector parameters are:
diffusivity which is similar to ao (A4.2.1c)) and

= |A:2-D7v (Ay

(fly attractivity to odour which is

similar to a\ (A4.2.19a)). From (A4.2.27a) we now write

o;Ai A2

ao =

—

(A4.2.67a)

anC

do

where

ar

ai

(A4.2.67b)

jdo

V^o + 27DC

and from (A4.2.27b) we now write

aA] Ar
Po =

0,2

(A4.2.68a)

do

where

AiA?
7^0 y

(A4.2.68b)

dM{ul + 2 j D c )

It now follows from (A4.2.67b) and (A4.2.68b) that

(A4.2.69)
Also from (A4.2.53) we see that

mi

=

aoTT
2(6 —a)

TT^diV
2(7

(A4.2.70)

where cr = h—a. We now substitute (A4.2.67a) and (A4.2.68a) into (A4.2.63) and after grouping
together terms containing

e and the constants we obtain

ii\

—

(c) +

(A4.2.71a)

— A.\£^ —B\£ + (5(7

where

2Ai A

Bi

=

Uo

O!o [2 - ^(1 + ^ 0)] = otoB\

2 VAl

= P*oA\

(A4.2.71b)

(A4.2.71c)
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Clearly, q\{e) (A4.2.71a) is a quadratic in £ concave upward whose coefficients A\ and B\
involve only terms containing the vector and environmental parameters. We similarly substitute
(A4.2.67a) and (A4.2.68a) into (A4.2.64) and after grouping together terms containing

and

e we obtain

U2

=

(A4.2.72a)

g2(c) = A2£^ —B2£

where

2Ai(l - e ) ^ 2A^(l-(g(^) ^ 4uoDc{l 4A^ +

4A f +
(A4.2.72b)

■^1(1 ^ f)

B2

=

•^2

(1 ~ (o()

(A4.2.72c)

O iQ

L

+

Clearly, #2(2) (A4.2.72a) is a quadratic in e concave upward whose coefficients A2 and B 2
involve only terms containing the vector and environmental parameters. Substituting (A4.2.70),
(A4.2.71a) and (A4.2.72a) into (A4.2.65) yields

mi + m2

=

(A4.2.73)

-q{e)

where

g(s)

—

—

Be

+

ScT +

TT^dAT

(A4.2.74)

(T

with

E

—

f i h ,

Ô

=

V

2

—

v

and

\ h

A

— A 1 + A 2 — P q { A * A 2 ) — PqA*

(A4.2.75a)

B

-

(A4.2.75b)

S 1 + S 2 = ao{B; + B^) = a*oB^

It is clear from (A4.2.57a) and (A4.2.61) that 0 < ^ < 1 and 0 < ^0^ < 1 hence, we see
from (A4.2.71b) and (A4.2.72b) that there is a possibility that A* < 0 or A* > 0 however, from
(A4.2.71c) and (A4.2.72c) it is obvious that B* > 0. It is easy to show that the A* < 0 situation
in (A5.2.74) is not relevant as it gives rise to the case where the turning point

h

=

h *

<

0

which

has no biological relevance therefore, we ignore it. Only the case A* > 0 will be considered as
it guarantees that all values of
[ h

>

0).

h

determined from the equation (A4.2.74) will be non-negative
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Our variable of interest is h, hence if we let q{e) = q{^ih) — q*{h), then (A4.2.74) now yields

q^h)

=

q;{h) + qHh) = qt{h) - { - q i { h ) )

(A4.2.76)

where

-qi(h)

=

jj.h(Atih-B)

(A4.2.77a)

=

[v-ih-V2)rJ

(A4.2.77b)

Our goal as outlined initially is to find conditions for which m \ + m 2 < 0 which ensures
that the ground-state eigenvalue Aq < 0 for fiy population to take off. It now follows that if
q{£) = q*{h) < 0 then m \ + m 2 < 0 therefore, we need to look for values of h and related
conditions which guarantees that

q*{h) < 0 = > q\{h) < - q l { h )

(A4.2.78)

In particular, we are interested with the minimum host density, /ii, that will guarantee fly
population will take off whenever

h>hi

=>

h i< h < —
V\

(A4.2.79)

with the upper bound of (A4.2.79) coming from the fact that hosts can not have unlimited
growth. Before we plot q\{h) and —q^ih) against h on the same axes we need to establish that
h\ is real and h\ < ^ . We also need to focus on terms containing the right parameters that
might include environmental parameters such as <t; 7 ; uq] D q and fi, and vector parameters
such as djv; uat; vi and V2 For ease of reference, most key parameters appearing in this section together with their meaning
and units are summarized in the list of symbols and notations presented on pages 16-20. The
derived parameters either on their own or combined in various forms will feature in our discus
sion of the results of Chapter 4. Some of these derived parameters such as A*, B*, Œq, Pq and
q*{h) are obtained as a result of model analysis and are combinations of the original systems
parameters.
The parameters v\ and V2 having units s~^ have already been described in earlier sections
(Table 3.1, page 24). The meaning of the other parameters will become biologically relevant
when combined with others. An important point to note is that the function q*{h) (A4.2.76)
measures the speed of herd spread. The units of the constant term A — PqA* (A4.2.75a) are
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(mol“ ^ s)(mol~^ cm) which indicates that A measures the unit distance attractiveness of each
odour mole and the unit time duration of each odour mole attractiveness whereas constant
B =

chqB*

(A4.2.75b) has units (mol“ ^ cm) which indicates that B measures the unit distance

attractiveness of each odour mole. Clearly, constant A provides us with more information, but
on its own it is difficult to tell the duration part (^ ) without considering B.
From (A4.2.77b) we see that if —q^ih) = 0 then

h

=

hi = — +
V\

(A4.2.80)
V \(T ^

and when h = 0 we have

- 92(0)

=

- ( V2(t 4- ^

V

^

(A4.2.81)

Via J

From (A4.2.77a) we see that if h — 0 then 9i ( 0) — 0 and when q\{h) = 0 we have

h

=

(A4.2.82)

It now follows that q'\{h) — fj,{2Afih —B) and hence

h*

=

(A4.2.83)
^
’

2An

in which case

q\{h*)

— ——

< 0

(A4.2.84)

is minimum value. Clearly, q\ is symmetric about h* concave upwards within the fourth quad
rant, and assuming that q\ and —q^ intersects at points h = h\ and h = h^, and since A > 0
then /14 > hi > 0 with hi obviously real. At points of intersection,

(h) = —q^i^) which on

solving yields

We have seen that hi > 0 therefore, the discriminant in (A4.2.85) is positive and since hi <
h* =

by virtue of h* being a component of the minimum value then we now have that
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At h =

we observe that

(A4.2.87)
Since q\{h) is concave upwards with the minimum located in the fourth quadrant, we now have
that

< 0.
(A4.2.88)

«'î(^) ^
> 0,

=

A necessary condition for q*{h) < —q^ih) is that —q^ih*) > ql{h*) which upon rearranging
yields

B
2An
And since q\{h*) —

<

v\G \ 4A

(A4.2.89)

(T

( ^ ) ~ —2L^£L we now have that

Ël + H ^ < o = ^ — - ^ >
4A
a
4A
G

o

and considering (A4.2.89), then (A4.2.90) implies that ^

(A4.2.90)
> 0 and hence we now have

that

h*

=

B
2A^

(A4.2.91)

v\

Inequality (A4.2.90) is the constraining condition which will always be positive irrespective of
whether h* < —,
h* = — or h* > —.
V\ ’
V}
Combining (A4.2.80), (A4.2.86) and (A4.2.91) yields

v\

2Afi

Lets assume that w =

v\

v\G^

(A4.2.92)

for ease of writing. It now follows that because w > h* then

q'\{w) > 0 and since q'^ih) > 0 for all h values. We know that S = V2 —Vih > 0 which implies
that f i h — i;2 < 0 and by implication
ql{w) < -q^ iw ), then

v

i w

—

V

2

=

V \

( ^ w

—

< 0. We now find that since
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liw{Afiw — B) < v\
We know that

(T

< 0 => w < —

—<

(A4.2.93)

— jjlw{ A i i w — B) < Q therefore,

Afiw — B < 0 = > w < hs =

(A4.2.94)

Rewriting (A4.2.93) yields

h 2 - w < -^ ^ (B - Afiw) > 0 ==> w < h 2

(A4,2.95)

V\(T

We now need to clarify whether /12 < hg or /12 > ^3 for us to have complete information of the
expected plot. On rearrangement, (A4.2.89) yields

V\

2AjU

V\G

4A ficr

2A ^

4Ar;icr

It now follows from (A4.2.96) that

^

I

(A4.2.97)

and on rearranging (A4.2.96), we obtain

From (A4.2.97) and (A4.2.98) it is clear that ^

— {h 2 ~

2 Àvkt^

> 0 and /12 — 2 Àviâ ^ 0

therefore, we have

^

(A4.2.99)

Finally, combining the inequalities in (A4.2.92), (A4.2.93) and (A4.2.99) we now obtain that

h\ < h* < w < — < h 2 < hs

(A4.2.100)

Vl

where w =

The graph of ql and —92 plotted against h on the same axes is given

in Figure 4.12 taking into consideration (A4.2.100).
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(iv )

N e c e s sa r y an d su fficien t c o n d itio n s for fly p o p u la tio n t o ta k e -o ff

We can now establish the necessary conditions needed on the right parameters for fly population
to take off. Since

^2

> h* = - ^ (A4.2.100), we see that

2A v i (t

All

2Av\a

2A \

vicrii

(A4.2.101)

and because h.2 — 2 Xv~â ^ ^ (A4.2.99) we deduce that

V \(T — B f i

> ——
(T

> 0 —^

(A4.2.102)

as the minimum fly birthrate required for tsetse population to take off. Since w < ^ (A4.2.100),
substituting in the value of w and rearranging yields

I <

(A4.2.103)

and on further substitution into ^ using (A4.2.67b), (A4.2.68b) and (A4.2.75a,b) and simpli
fication, we obtain

—

—

{q*

^

(A4.2.104a)

where

On substituting (A4.2.104a) into (A4.2.103) and making j3 (per molecule odour attractivity to
tsetse flies) the subject we obtain

/3

>

+
(g f - a p )

(A4.2.105)

as the minimum tsetse density that need to be attracted to each odour molecule for the fly
population to take off. It now follows from (A4.2.105) that

as the upper bound of the fly’s birth rate. Therefore, combining (A4.2.102) and (A4.2.106) we
get
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—
(7

<

V,

<

(A4.2.107)
y

as the required fecundity rate for tsetse flies.

(T

The implication of this birth rate interval

(A4.2.107) is that a fly population requires a certain minimum rate of birth for the fly popu
lation to take off, and once it has taken off the fly population birth rate should not exceed a
certain maximum value otherwise an exploding fly population will lead to a probable decimation
of its food source through excessive feeding that weakens the host and disease transmissions
leading to host death in some instances.
However, this implication is not very significant from a biological point of view because for any
organism, an ever increasing birth rate would lead to exploding population density, but this
does not happen for obvious reasons due to density-dependent mortality or fecundity rates.
However, it is a fundamental feature of tsetse, and which determines their specific population
dynamics that their birth rate is more or less fixed, it is the mortality rate that varies to any
significant degree. In the field there is no evidence that variation in feeding success leads to
variation in fecundity {i.e. increase in abortion rate, since increase in egg production rate is
physiologically impossible); rather it leads to variation in mortality rates.
We see from (A4.2.107) that when herd spread (a) is large as it usually happens in dry seasons
(October-February) when herds travel for long distances in search of pastures and water, tsetse
fecundity is lowered. This can be attributed to the fact that tsetse flies also have to disperse
longer distances in open woodland in search of food and in the process expose themselves to
flying predators.

In dry seasons, tsetse flies use a considerable amount of time and energy

struggling for survival in search of food with little energy left for procreation. An increase in
rate of odour release (//) also favours an increase in tsetse fecundity, v\.
If we now consider only the discriminant part in (A4.2.85) we see that because hi > 0 then

{Bfi -f v \ g Ÿ —^Afi^ ( V2(t q. ^

I

>

0

(A4.2.108)

which after some algebraic manipulation yields

(A4.2.109)
as the upper bound of tsetse mortality rate. A fiy death rate which does not exceed (A4.2.109)
will guarantee fiy population take off. Considering (A4.2.108), we can similarly express it as

{Bji -f v \(tŸ
- V2(T
4A/i"

(A4.2.110)
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But constants A and B have terms containing

(A4.2.67b, A4.2.68b and A4.2.75a,b) which

we have to put together with the djsj term that appears explicitly in (A4.2.110). Therefore,
from (A4.2.110) we obtain that

where

Q l, ^ f Q l g : +
4

+ 2'rDc ^
2ij,aN

^ 0
4/x2a^

(A4.2.112)

J

and Q* is as given in (A4.2.104b). Substituting (A4.2.I l l ) into (A4.2.110) and making

the

subject in the inequality yields

2

^
2
aQ*^ - TT^

(A4.2.113)

where Q*j^ > ^ because dyv > 0. Clearly, (A4.2.113) is the required minimum fly diffusivity for
the fly population to take off. Tsetse flies disperse in search of food, with movement becoming
more directed in the presence of host odour. As the herd spreads (cr), fly diffusivity also increases
because flies will now have to move further from their habitats in search of food.
Expressing (A4.2.76) as a function of fi yields

Q{lj)

=

Ah^fj? - BhyL — ( v \ a h —V2 cr

—)

(A4.2.114)

which on solving for [j, when Q{/i) < 0 (similar to (A4.2.78)) gives

B ± J

^ <

b

^ + 4A (v^ah - V2<r - 2 ^ )

----

m

and since /j, > 0, then the discriminant in (A4.2.115) is clearly positive hence, we now obtain
that

,
*
r;2
1
h > w = — -------Vl
Via
where

^

4A

^ > 0 (A4.2.90). It now follows that

TT^dyv
a

(A4.2.116)
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< h*,
w < =
>h*,

if q'\{w*) < G

(a)

iîq'\{w *)=0

(b)

ifg'i(tü* ) > 0

(c)

(A4.2.117)

where only one of the conditions (a) or (b) or (c) in (A4.2.117) is true. To establish which
condition is true, we use ql(h) (A4.2.77a) and utilize (A4.2.89) to observe that

B
2An
—

2A/J,

(A4.2.118a)
B

I ------------f-

Vl

vicj^

AA v \( t

2Af i

(A4.2.118b)

and on utilizing (A4.2.89), we see from the right hand side of (A4.2.118b) that

B
2Aii

w* < /i* =

q'li'w*) < 0

(A4.2.119)

by condition (a) in (A4.2.117). If we now combine (A4.2.100) and (A4.2.119) we obtain the
inequality

V2
hi < w* < h* < w < — < h 2 < hs

(A4.2.120)

Vl

However, since hi (Figure 4.12) is the only host value such that hi < h*, then clearly we can
assume that

B
4Â

1
Vl

Via

iv'^dN
a

< h^

(A4.2.121a)

and it now follows that

hi — — —h]^

ft

(A4.2.121b)

—

Vl

Vl

where

hN

=

Via

B
4Â

a

> 0

(A4.2.121c)

is the density of host needed beyond the critical density hi for the production of sufficient
odours to sustain fiy activity. It is this portion of host density that supports and brings about
an increase in the fiy population. We can now re-write (A4.2.120) as
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h\ = w* < h* < w < — < h 2 <
Vl

(A4.2.122)

and Figure 4.13 gives a graphical illustration of (A4.2.122). W hile h\ is the critical minimum
host density required for fiy population to take off, it is the additional part,

which ensures

that sufficient odours are produced that attract tsetse flies in sufficient numbers which in turn
means that more flies feed hence increasing their population through sustained productivity,
fecundity and survivability.
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Chapter 5
TSETSE TRAPS AS ‘KILLER-HOSTST IN THE SPATIAL
MODEL
5.0 Introduction
Chapter 5 introduces trapping as a ‘killer effect’ into the model system where traps supplement
herbivore hosts as potential targets for “feeding” but with a noticeably higher killing effect than
animal targets. The model analysis focuses on aspects of model systems that directly affects
the trend of tsetse population, in particular those factors that help to reduce the fly population.
Results of the model analysis clearly indicates ways of classifying trap efficiency based on
analytical formulation and using readily available and easily estimated model parameters. We
outline the necessary conditions needed for tsetse traps to be classifled as efficient hence good
for control work; not efficient hence needs re-designing or borderline cases that require minor
improvements or modiflcations.

5.1 Summary of main results
One of the key outcome from this chapter is that we have achieved two main objectives that
we set out to do: (i) - identifying the principal parameters and extent to which they control
the trophic interactions of the fly population; and (ii) - showing that in the understanding of
the scales of changes in these principal parameters and their influence in the states of the fly
population, it is possible to manipulate them in such a manner that we can identify conditions
that favour low vector density, or promotes lowering and sustaining vectors at low densities to
an extent that host-vector contact is minimized over a period of time.
These conditions evolved naturally from our analysis and showed that focusing on traps effi
ciency is sufficient enough to provide the necessary conditions needed for lowering or maintaining
tsetse populations at low numbers. We quantify trap efficiency by obtaining two measures based
on fly-trap parameters. The ‘actual’ trap efficiency, Q t and the ‘required’ trap efficiency, Q.
We show that whenever Q t >

the trap is efficient enough to cause the added trap induced

fly mortality to be so large that the fly population is eventually reduced.
Quantifying efficiency of traps as a pointer to the conditions needed to lower fly population is
valid because odour baited traps are the main tools advocated for purposes of tsetse control.
The findings on trap odour concentration at equilibrium enabled us to estimate the odour
rate of decay, a difficult parameter to compute under field conditions. Hence, knowing the
rate at which odour is decaying is important, because that information can be used by field
practitioners with the right tools to evaluate the potency of an odour attractant over a period
of time, hence, providing a more reliable indication as to when replenishment is required to
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maintain odour attractancy and potency.

5.2 Traps as ‘killer-hosts^
Biconical tsetse traps (Figure 1.8) baited with cow or buffalo urine are effective tools for con
trolling and managing tsetse populations [81, 116, 182, 190]. These traps are made in such a
way that they mimic the host so that an upwind moving fly attracted from a distance to the
“host” follows the odour trails through a variety of mechanisms [206]. These trails, transported
downwind emanate from a small container (usually a 500 ml bottle) placed a metre or less from
the trap [115, 116]. Assuming it is approaching a herbivore host to feed on, a fly’s movement
increases near the trap due to the high odour intensity and in the process of probing the “host”
looking for suitable feeding sites the fly enters the trap, and while searching for escape routes
many flies enter an enclosed chamber made of polythene paper at the top of the trap where it
unable to come out. Eventually it dies through a combination of exhaustion, heat and hunger.
Sometimes a few lucky ones find their way out but a majority that enters the trap’s region of
attraction are caught [81, 182].
Paynter and Brady [108] reported that tsetse flies locate potential hosts beyond their visual
range (60-120 m) through odour-mediated anemotaxis, with visual cues becoming important
at close range (%10 m). Tsetse uses the same process to perceive a trap as a ^hosf that has
been made to mimic a host. Unlike hosts which can attract tsetse visually by their movements,
traps are stationary and immobile [92]. Hence, their capacity to attract tsetse will depend on
the trap’s

efficiency^'' which is influenced by among other things: odour bait, construction

material, environmental conditions and tsetse dispersal patterns. Our goal is to come up with a
simple measure of how to evaluate the efficiency of tsetse traps. A measure that will give us an
indication of whether the traps will be effective in suppressing tsetse population to a level that
will minimize host-fly interactions, and hence incidences of cattle and human trypanosomiasis
in affected areas.
In their studies on effects of trapping on tsetse flies, Williams et al.

[81] assumed that the

density of flies is very much less than the carrying capacity of the habitat. Therefore, the effect
of trapping is to reduce the fly rate of population growth and the habitats carrying capacity,
while at the same time supplementing the fly’s natural mortality through mortality due to
trapping. However, in our model system the fly birth rate, v i, remains fixed. W hat the trap
does is to introduce a “killer host” effect, which effectively increases the fly death rate, V2 ,
through mortality due to trapping, v t - In order to reduce tsetse fly population, traps must
kill flies more rapidly than the flies can reproduce or reinvade the control area, in essence this
means that the combined tsetse mortality if we ignore diffusion must be

VT + V2

>

v\h.

(5.2.1)
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For highly effective traps with a kill rate of 99% [81], then we would require

Vt

>

vih

(5.2.2)

for a tsetse control programme to be viable. However, we cannot really ignore diffusion hence
(5.2.1) is not really correct and even then it is not as simple as it appears in (5.2.2).
In theory, control of tsetse population should be a straight forward affair because by now people
have learned from past control mistakes that did not take into account anthropogenic factors
[32]. Hargrove [147] reported that tsetse being a classic case of a K-selected species means
that supplementing its low reproductive rate with a trapping mortality rate of c. 3% per day
is adequate to reduce population growth [147]. On the same point, Dransfield et ai [12] noted
that the low rate of increase of tsetse population means that if an additional mortality rate of
3% per day can be sustained, an isolated population will be eradicated within one year, with
these levels of mortality imposed by traps or targets.
The pattern of tsetse dispersal makes then ideal for trapping, where the very mobile savanna
flies readily find traps or targets, and the degree of control that is achieved being dependent on
the efficiency of the devices used to kill the flies [12]. Effective control can be achieved only over
areas of about 100 km^ or more. For less mobile flies, such as the riverine and forest species,
the degree of control that is achieved is limited by the rate at which the flies reach the traps,
so that the efficiency of the devices in killing flies is less critical [12]. Hursey [173] noted that
there are many examples throughout Africa of the fact that it is relatively easy to kill tsetse
in sufficient numbers to have a significant impact on trypanosomiasis. W hat has proved more
difficult has been to sustain such operations at the levels required to consolidate these gains and
prevent reinvasion, and also further developments of novel bait technologies such as efficient
traps.
Efficient traps placed in wrong sites can lower their effectiveness. Examples of wrong sites are
under a tree shade or in thick vegetation or next to homesteads. How and where traps are
placed depends on the terrain, in some cases traps are placed within the ranches where cattle
are, and in some cases traps are laid out in the outskirts of the ranches. The most effective
method for placing traps is in the ^‘frontline^^ equidistant from each other where traps form a
first line of contact with the incoming fly front.
This is the picture that we will assume for our purpose, and since we are dealing with 1dimension, we shall assume that traps are placed along a 1-dimensional axis and for the sake
of simplicity our traps will be taken to be identical.

Despite the assumed trap uniformity,

differences in trap efficiency between and within traps should be expected because trap efficiency
is location specific as a result of the differences brought about by environmental variation
due to varying vegetation cover, herd movement and human activity.

However, in spite of
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their importance, these differences will not be taken into account to avoid unnecessary model
complexity.

5.3 Dirac delta function, ô(x — c^), and odour point release
5 .3 .1 In c lu d in g effect o f tra p p in g in th e sp a tia l m o d e l
Let us assume that n traps are placed at points c i , C2, • • • ,Cn such that a < b < ci < C2 < • • • <
Cn with each trap releasing odour at a constant rate h t - We further assume that within the
^-neighbourhood of Cfc the odour intensity or concentration is very high so that a single trap
occupies the region

C f c - | < x < C f c - f | .

I therefore define

0,

X < Cfc — I

p,

Cfc — I

0,

X > Cfc -j- |-

<

X <

(5.3.1a)

Cfc -| - I

with the representation in Figure 5.1 showing the case for one trap only, which can be generalized
and replicated for n traps.
u

q
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—

a

b

Figure 5.1: Representation of the neighbourhood of a single tsetse trap (ft) located at x = c in
the interval [ci, C2] where c%= c — | and C2 = c-f- | . Effect of trap (ft) will be felt in all sectors
Cm, m = 0 , 1, 2,3 ,4 . The herd is located in the viable region a < x < b.

The trapping effects of a particular trap in the sectors Cm, m = 0 , 1, 2, 3 ,4 (Figure 5.1) will be
captured in the model through the presence of free-parameter, ^o(^) in the odour dispersion
equations which will be presented and explained in later sections of this chapter. I am thinking
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of a trap as a point odour source, represented by a Dirac-delta function, 0{x — Cf c) . However, I
begin by approximating the (5-function by a homogeneous small-neighbour hood source 6s{x —Ck)
so that the Dirac-delta function, 0{x —Cfc), is the limit of

lim^g(x —Cfc)

—

6{x

as s —> 0, that is

— Ck)

(5.3.1b)

e —>^0

with (5.3.1b) representing high odour intensity at cc = Cfc and 6 > 0 : 0 < 6 < K l i s a very small
parameter. As £ —> 0, 6^ becomes infinitely large on an infinitesimally small interval and zero
everywhere so that for all s > 0 then we note that

/:

ôe{x —Ck) dx

— 1

(5.3.2)

From the IDE model system (2.5.5), I am only interested in the vector equation (2.5.5c) and
odour equation (2.5.5d). Clearly, the odour released by the hosts supplements that released by
the trap down wind from the trap. The scenario that I want to consider is the case in which:
(i). The system without diffusion has equilibrium Ag (so that iV| = 0). This implies that
h — H 2 < ^ (see Chapter 3, Appendix 3 for details);
(ii). The system with diffusion admits a non-zero fiy population (i.e. the lowest eigenvalue
Ao < 0 as previously discussed in Chapter 4, Appendix 4), so that there is a non-zero fly
population when there are no traps.
Hence, if

vt

is tsetse mortality imposed by the trap, and taking into consideration that h < ^

as we saw in earlier sections then we can rewrite (2.5.5c,d) to incorporate trapping effects.
Thus, the general equations for n-traps are

dN

dt

I ^
A” . .
~
\ v \ h —V2 —Vt
"
"
' ^
k
k=l
r P ' C

F ) C

J1„

1„

Cfc) > AT -f-

)J

, d'^N

—D j\fk2

. 2 "

f ) N

(5.3.3a)

dC

where

vt

^ ^

dC

—7 C 4- fiT / I de{x —Ck) —^0-^^ +
fc=i

1

d^C

(5.3.3b)

and fir are fixed non-zero constants. The function (5g(a: — Cfc) (5.3.1a) takes care of

the zero effect of trapping in the regions |x —Cfc| >

and /i = 0 if and only if x < a and x > h.

Since we only want to consider the case for 1 trap, then Ck = c\ = c. Therefore, restricting our
initial analysis to only one trap at x = c (Figure 5.1) then from the general case (5.3.3a,b) we
obtain the 1-trap model system
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dN
—

=

1
d"^N
^ y ^ h - V 2 - v tS s{ x - c ) } N + - D ^ k 2 - ^ ^ rfin

8C
-Q^

riC rilV
— —

(5.3.3c)

BC
1
d^C
+ ^T^e{x ~ c) — uq - ^ + - D c ~ ^ ^

=

(5.3.3d)

and on substituting (5.3.1a) into (5.3.3c,d) yields

dN(x,t,e)
dt

^

+
\

=

e

dx^

til,h -'y C + f^ -u „ ^ + \D c ^

with the same conditions as in (5.3.3a,b) holding too, that is,

vt

(5.3.4b)

= ^ and /zt" = 0 if and only if

\x —c\ > | , and /i = 0 if and only if x < a and x > h. Similar to what we did in the analysis of
the spatial model (Section 4.6 and Appendix A4.2), the analysis of (5.3.4a) is facilitated if we
determine a form of C{x, e) from (5.3.4b) satisfying the matching conditions across the bound
aries of the various regions (Figure 5.1), with the boundary conditions: C (—oo) = C'(oo) = 0.
The limiting case as £ —> 0 will be taken at the very last step of our calculations. The key match
ing conditions, calculations and derivation of solutions are given, explained and performed in
various sections of Appendix 5. We will only highlight the principal results.

5.4 A one trap solution to —

= 0 with free-parameter

The one trap solution is derived in Appendix 5.1, using similar method and technique that we
used in Sections 4.4, 4.5 and Appendix A4.1. The solution for all the sectors Co, C\, C 2 , C3
and C4 (Figure 5.1) that satisfy the boundary conditions

C 'o ( — 0 0 )

=

6 * 4 (0 0 )

=

0 is given by

equations (A5.1.7). These solutions are not complete as they contain constant terms that are
depended on the density parameter, £. The values of these constant terms are obtained subject
to (A5.1.7) satisfying the matching conditions in (A5.1.8) that guarantees the smoothness of
functions (A5.1.7) by ensuring '‘continuity' and ^differentiability^ across boundaries (Figure 5.1).
To determine the solution in one sector, we have to determine solutions in the other sector too
because all solutions as given by (A5.1.7) for all the sectors (Figure 5.1) are connected by virtue
of the ffree-parameter\ Ao{e) in Co{x\£) (A5.1.7a) and the matching conditions (A5.1.8). Ap
pendix 5.2 outlines the determination of the ffree-parameter\ Ao(e:) (A5.2.3), but also describes
the simplification of constant coefficients ^ 3(6) (A5.2.1); A 2 {s) (A5.2.2); ^ 4(5) (A5.2.4); B\
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(A5.2.5); B 2 (A5.2.6); B^[e) (A5.2.7) and ^ 4(6) (A5.2.8) Ao{e) (A5.2.2) that are independent
of Ao{e).
However, it is the odour solution in sector C3 (Figure 5.1) where the trap is that is of relevance
to us, and in particular the equilibrium solution described in Appendix 5.3 of the odour con
centration at the trap. The limiting solution for C^i{x;£) (A5.1.17c) as £

0 at the trap point

X = c (Figure 5.1) is given by (A5.3.1) which is repeated here for emphasis as

C's(c) = -----^ — I----1— (exp[—^2(0 —5)] —exp[—^2(0 —a)]}
7 “o

where a n —

(5.4.1)

«0

Clearly, this solution (5.4.1) defines the equilibrium odour concentration at

the trap, and despite the presence of non-limiting terms ^ 3(5) (A5.1.17a) and Bs{e) (A5.1.17b)
as £ —>• 0, the solution C3 (5.4.1) obtained from (A5.1.17c) is well-behaved because if we perturb
the system Cs{x', e) (A5.1.17c) as shown in (A5.3.2) and take limiting value as £ —> 0, we obtain
the equilibrium solution (A5.3.3) which is similar to (A5.3.1) or (5.4.1) that is given above.

5.5 Analysis of the fly spatial model (5.3.4a) with trapping
We have derived the 1-trap solutions of the odour components in sectors Co (A5.1.7a), C\
(A5.1.11c), C 2 (A5.1.14c), C3 (A5.1.17c) and C 4 (A5.1.20b). Substituting these equations into
the fly spatial model (5.3.4a) yields

dN(x,f,e)

d'^N

,

.d N ^
---- \-Qm{x]£)N

(5.5.1)

where

CLo

— —

p^{x-,e)

=

qm(x;e)

=

0

(5.5.2a)
(5.5.2b)

v j h - V2 - ^

- 20Dn^

(5.5.2c)

with m = 0 , 1, 2, 3 ,4 indicating the code of sector (Figure 5.1). A detailed analysis of the fly
spatial model (5.5.1) is given in Appendixes 5.4, 5.5 and 5.6; where in Appendix 5.4 we use
the Rayleigh-Ritz method [233, 234, 271, 272] to establish the linkage between the potential
function, V{x,£) (A5.4.9) and minimum eigenvalue, A(£) through the relationships given by
(A5.4.10)-(A5.4.11b).
Clearly, the very important inner-product (A5.4.11c) is a consequence of (A5.4.11b) which gives
rise to (A5.4.12) that

forms the basis of Appendixes 5.5 and 5.6 which outlines the

conditions for the potential function V{x,£) > 0, which

required

is a needed condition forany viable
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patchy environment. This is because an important property of standard eigenvalue problem
similar to (A5.4.7) is that provided the potentiaiy(z, a) > 0, then the eigenvalues, A (which in
our case by (A4.2.39) measures the growth rate of the fly population) are real and positive [1,
65, 233, 234], i.e. A > 0. Therefore, provided V{x,e ) > 0, then A > 0 and by (4.5.39) the fly
population will collapse.
Though the potential function V{x, e) (A5.4.9) is a rate with units s " \ it is difficult to prescribe
any biological or ecological relevance to it. This is partly due to the fact it is a consequence
of mathematical manipulations resulting from combining several factors together, however, its
dimensionality agrees well with the standard eigenvalue problem (A5.4.7) which is a desirable
trait in any analysis to be done.

Appendix 5.6 speciflcally focuses on the analysis of the

conditions for potential function Vs{x]£) of the sector C 3 (Figure 5.1) that contains the tsetse
trap as a '‘killer hosf to be non-negative, i.e. 1/3(2;; s) > 0. A consequence of this analysis is the
derivation of (A5.6.15) that is further simplifled as (A5.6.16c), which for purpose of emphasis
we present here as

Qt
where

and

>

n

(5.5.3)

are given as

as shown in (A5.6.17).

fi

=

2 ^ (^ j

Or

=

— C -’
HT

C -'

(5.5.4a)

(5.5.4b)

The trapping quantities, Q and Q.t represents the number of flies

attracted to per unit concentration of odour attractant,

(see pages 17, 24) released by the

trap. An equivalent way of writing (5.5.3) is to express it as

Vt

'>

2/3

^ ht

( 5 .5 .4 c )

which is similar to (A5.6.16a). The ecological implications of this is that for efficient traps, the
trap induced fly mortality, v t is considerably large, that even in the absence of a large natural
fly mortality, V2 to supplement trap induced fly mortality as shown in (5.2.1), efficient traps
are able to lower tsetse populations because of their high ‘kill rate’. In fact, (5.2.2) indicates
that for very efficient traps, trap induced fly mortality, v t is effective enough even without the
added benefit of natural fly mortality rate as to lower fly population. The parameters used in
(5.5.4) are summarized for ease of reference in the list of symbols and notation given on pages
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16-20, whereas estimates of some parameters are given in a summarized tabular form for ease
of reference in the tables of parameter estimates on page 24.

5.6 Implications of (5.5.3) to fly control
The result in (5.5.3) which is copied from (A5.6.16) and (A5.6.17) is very important, and its
ecological interpretation is as follows. The parameters Q and Q,t are the respective measures of
^‘required trap efficienci/’ and ^‘actual trap efficiencif\ The parameter Q (5.5.4a) is “fly-odour
specific” because it contains only values inherent in the fly and odour equations, namely, flyodour measure of association (/3), fly rate of diffusion {Dj^) and odour rate of diffusion {Dc)\
whereas parameter Qj- (5.5.4b) is “trap-specific” because it contains only trap specific values,
namely, mortality rate due to trapping [v t ) that is computed from the actual trap catches over
time, and the traps rate of odour release [ plt) that has been used by several researchers [30,
109, 115, 116, 182, 183].
We saw in (A5.5.1) and (A5.5.2) that the rate of trap odour release
which implies from (A5.6.15) that the trapping mortality

vt

> 0 is sufficiently large,

> 0. As long as

> 0 then the

minimum eigenvalue A > 0 hence, N { x , t ) —>■0 as i —>■oo (A5.4.1). Therefore, over a period of
time, and as long as the minimum rate of trapping mortality is as given in (A5.6.16a), tsetse
population will decline due to the added mortality from the trapping effects.
A given trap must attain and surpass Q (5.5.4a) in order for trapping as a ^^killer h o s f to have
any noticeable effects on the tsetse population. For that reason, we see from (5.5.3) that if

> Q,

trap is effective

= Q,

trap is on borderline

< n,

trap is not effective

(5.5.5)

Despite the strong assertions made in (5.5.5), what we have actually computed is a sufficient
condition only. Thus, Q t > D is sufficient condition to suppress the fly population, but it may
not be necessary. It may be possible to do the job with some value Q t <

But that is a

subject of further investigations. The ''''required trap efficiencÿ'’ (D) gives us an indication of
a specific traps killing capacity. It is a simple measure which is easily computed and it has
all the totality of features that emanate from the target/fly interactions such as (3 (fly/odour
association), D m (fiy rate of diffusion) and D c (odour rate of diffusion) that go into defining a
trap’s efficiency. The target is either the odour baited trap or herbivore host.
A possible target of tsetse control practitioners is to have effective traps (D r > D). Borderline
traps (D r — D) can be improved with minor adjustments hopefully, but ineffective traps (D r <
D) indicates presence of major design flaws and this calls for a review of the whole design
process. The traps attractancy is a feature that is dependent on many factors such as: the
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prevailing fly and host densities, wind speed and direction, temperature, humidity, vegetation
cover, human activity, material used in trap construction, trap spacing and position, terrain
and many others.

5.7 Conclusion
Compared to the electric net method of determining trap efficiency, what we have in (5.5.3) is a
simpler method of computing trap efficiency that avoids the pitfalls of the electric net method
that we elaborated in earlier sections. The electric net method does not give us a threshold
value for trap efficiency, it only computes some percentage value [187, 191, 209], therefore,
based on these percentages it is difficult to decide on the ‘quality’ of trap efficiency in line with
what we have in (5.5.5). At times, percentages can be misleading because they hide the true
nature of data and information used to compute them, for instance, three flies visiting a trap
that ends with two being caught will give a trap efficiency of about 67% by the electric net
method, whereas, our method (5.5.3) shows a very inefficient trap because (5.5.3) is dependent
on several vital system parameters (5.5.4) from the wider tsetse population and intrinsic trap
qualities, and not just catching two flies or trap catches for that matter.
Apart from parameter /3, all other parameters in (5.5.4) are easily estimated as we have done in
the earlier sections or have already been estimated and can be obtained from published papers
as we did and summarized them in the list of parameter estimates (page 24). The parameter
(3 is an all encompassing measure that describes the totality of the relationship between the
vector (tsetse fiy) and the odour attractancy. Several factors as indicated in section 5.6 play
part in influencing the attractiveness of a trap, in spite of the fact that it is not possible to
obtain a simple relationship that gives us an indication of the trap attractiveness. However,
(3 which is some measure of attractancy of the odour from whatever source has nothing to do
with the traps or herbivore hosts per se, it also has nothing to do with wind speed or host and
fiy densities. It is simply an intrinsic measure of the attractancy of the odour to the fiy.
It may be possible to obtain some measure of 13 from laboratory and field experiments. An
important feature of trapping is that there has to be sufficient numbers of tsetse flies to be
attracted, the higher the number of flies in a given area the more likely some will find their way
to the trap. For that reason, it is logical to relate trap attractancy to the trapping mortality,
Vt , in that if

vt

is high then there is somethinff’ about the trap that the flies find attractive.

That specific factor is difficult to pinpoint since as we have pointed out there are several factors
at play.
In a tsetse control programme, traps are not just placed haphazardly but in a manner that
will optimize the catches at minimum costs and maximum efficiency. Though in our case, we
have dealt with traps placed a long a straight line, this can be extended and generalized to
measurements involving 2-dimensional cases as this is what actually happens in the field. The
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implication of this is that it will now be possible to carry cost estimation and other aspects to
assess the economic viability of a control programme.
The method that we have presented for measuring trap efficiency is based on analytical for
mulation therefore, it is more cost-effective in terms of resource requirements (time, material
expenses and human effort) compared to the electric net methods, and being functional is cer
tainly amenable to change or modification unlike the electric net methods where once the values
have been obtained they cannot be modified short of repeating the whole exercise again. Our
approach can also be incorporated into a management protocol of a tsetse control programme
when decision have to be made concerning trap efficiency before they are deployed into the field
for purposes of sampling or in a control programme.
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A PPE N D IX 5
A5.1 Matching conditions across boundaries
As part of the one trap solution to

= Q with free-parameter (Section 5.4), we now

determine odour equations that satisfy the matching conditions across the boundaries of the
various regions (Figure 5.1) at x = a, x = 6, x = c — | and x = c -f
conditions: C (± 00) = 0. At steady state,

with the boundary

= 0 therefore from (5.3.4b) we obtain an

ODE having the form

\D

c C ”{x \£)

-

uqC'{ x \£)

+ iinh - ^C { x \ e) + ^

= 0

^ D c C"{ x -,£) - uoC'{x]£) - fiH (^-^C{x’,e) - h —

==»

^ D c C ”{x -,£)- uoC'{x-£) -

ij,h R{ x \£)

(a)

= 0

= 0

(b)

(A5.1.1)

(c)

where

R{x- £)

=

— C(x; £ ) - h HH

(A5.1.2a)

=>R'(x;e)

=

££c'{x-,e)
IJ^H

(A5.1.2b)

R"(x-,e)

=

— C"(x-,e)
IJ'H

(A5.1.2c)

Substituting (A5.1.2b,c) into (A5.1.1c) yields

R " { x - , e ) - ‘^ R ' { x - , e ) - ^ R { x - , e )
D c

=

0

(A5.1.3)

R>C

Equation (A5.1.3) is similar to (A4.1.5) since the two have same coefficients, therefore it follows
that their characteristic polynomials also have the same characteristic roots

and A2 that are

given by

A2

-

=

(AS.1.4b)

-A^

(A5.1.4d)
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where D = D e and Ai > A2 > 0 are as in (A4.1.7). Since A% / A2, the general solution to
(A5.1.3) is

R{x\e)

=

A(£:) exp(Aia;) + 5 (e ) exp(—Agx)

(A5.1.5)

where A{e) and B{e) are constants of integration that are also functions of e. Using (A5.1.2a)
and (A5.1.5) we now obtain that

C{x;£)

=

^^R(x\e) +
7

+ —
7e

(A5.1.6a)

=

A(e) exp(Aix) + 5 ( e ) exp(—A2X) + q h + û!£

(A5.1.6b)

7

where A(e) and 5 ( e ) are arbitrary constant coefficients that may depend on e and

an =

ae = —

7

76

(A5.1.6c)

Using a similar method as in Appendix A4.1, we note that a n = 0 in sectors Cq, C*2, C3 and
C 4 since there are no hosts in these sectors (Figure 5.1). Similarly, ckg = 0 in sectors Co, C i, C2
and C 4 , since there are no traps in these sectors (Figure 5.1). Also, the boundary conditions:
Cq(—00) = 0 4 (00) = 0 are satisfied, so we now have that

Co(x;e) =

Aq(6) exp[Ai(x - a)], x < a

Ci {x \e)

A i(6)exp[Ai(a: - a)] + 5 i(e )e x p [-A 2(x - a)]+ Qfl-,

=

(A5.1.7a)

a < X< h
C 2 { x

] £ )

=

A2(£)exp[Ai(a: - 6)] + 5 2 (e )exp [-A 2(a: - 5)],

b 'C. X
Cs{x]£)

=

(A5.1.7b)

c ——

(A5.1.7c)

A3(6)exp[A i(x - c + | ) ] + 5 3 (6)e x p [-A 2(x - C+ |) ] + 0!e,
c — —< x < c + —

C 4 {x;e)

(A5.1.7d)

— 5 4 (5) exp [-A 2(a: - c - |) ] ,

x>c+^

(A5.1.7e)

The coefficients in Ci (x; e), C2(x; e), C^{x] e) and C4(x; e) will all be derived in terms of the freeparameter Aq(6) in (A5.1.7a), whose value will be obtained last from the matching conditions
after all other coefficients have been determined. The matching conditions to be satisfied at
the boundary points x ~ a, x — b^x = c - ^ and x = c-\- ^ (Figure 5.1) are given as

C'^{ x \ e )

— Cj7i-|-1 (2:, ^)

(A5.1.8a)

C i,+ i(x ;e )

(A5.1.8b)

=
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where (A5.1.8a) is the '‘'‘continuity’^ condition and (A5.1.8b) is the ^‘differentiability” condition
with m — 0 ,1 ,2 ,3 . By considering various cases, we now determine the coefficient terms in
(A5.1.7) while ensuring that the matching conditions (A5.1.8) are satisfied:
(1). Cp{x;e) and Ci{x-,£) at x = a:
At boundary point a; = a, (A5.1.7a,b) must satisfy the matching conditions (A5.1.8). There
fore

Co(a;e)

=

Ao{s)

(A5.1.9a)

Cl){a;e)

=

AiAo(e:)

(A5.1.9b)

C l(u;c)

— A\(^£^-\-B\(^e^ 0 L}{

(A5.1.9c)

C[{a-£)

-

(A5.1.9d)

A iA i(e )-A ^ B i(£ )

Equating (A5.1.9a) to (A5.1.9c) and (A5.1.9b) to (A5.1.9d) yields

Api^s) =
Ai A o(ê:) =

A \ { ^ £ )

(A5.1.10a)

olh

Ai A%(s) —A^Bi (s)

(A5.1.10b)

Solving (A5.1.10) simultaneously for A\ {e) and Bi {e) in terms of the free-parameter Ap{£)
yields

A ,(£)

=

S ,(£ )

=

=>C i{x]£)

=

A o{e)-^ pdo

(A5.1.11a)
(A5.1.11b)

dp
^Aq(£) -

exp[Ai(x - a)] -

exp [-A 2(x - a)]-I-Q /i
(A S .l.llc )

where do = A%-H Ag > 0 and B\ (e) —

since it is independent of £.

(2). Ci{x]£) and C 2 {x]£) at x = b:
At boundary point x = 6, (A5.1.7c) and(A5.1.11c) mustsatisfy

(A5.1.8).Therefore, if we let

a — b —a denote the herd “spread” similarto what wedid inAppendix A4.2, we now obtain
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C2{6;e)

= A 2 (e) + B 2 (e)

(A5.1.12a)

C^(6;e)

= AiA2(e) - A;B2(£)

(A5.1.12b)

C ,(6;£)

= ( 'a „ { £ ) -

do

exp(-A2<7) + a n

A exp(AiiT) -

(A5.1.12c)
C j(6 ;e)

Ai (^Ao{e) -

=

exp(Airr) + Ag

exp(-A 2cr)

(A5.1.12d)

Equating (A5.1.12a) to (A5.1.12c) and (A5.1.12b) to (A5.1.12d) yields

A2{£) + B2{e) = (Ao{e) -

exp(Aicr) - (

exp(-A20-) + a n
(A5.1.13a)

A i^

2(6)

—

\ 2 B 2 {£)

=

Ai

^ A o (e)

^ ^

e x p (A i< T ) + Ag

^

^

e x p ( — A gcr)

(A5.1.13b)
Solving (A5.1.13) simultaneously for ^ 2(5) and B 2 {e) yields

A2(e)

=

B2{e)

—

= ^ C 2 (x;e)

=

I^Ao(e) -

exp(Ai(r) +

(A5.1.14a)

^ (1 - e x p (-A 2cr)) > 0
I ^Ao(e) -

{

( ^4^)

exp(Ai(j) +

~

j

(A5.1.14b)
exp[Ai(æ - 6) ] +

e x p (-A 2(%)) exp [-A 2(x -

h)J

(A5.1.14c)

and B 2 {e) = B 2 since it is independent of e.
(3). C 2 {x\e) and C-^{x\e) at a; = c - |:
At boundary point x = c —

(A5.1.7d) and (A5.1.14c) must satisfy (A5.1.8). Therefore

^ 3( c ——;e)

— A3(£) + 5 3 (e) + Qe

(A5.1.15a)

C ;(c-f;6)

= AiA3(6)-A^53(e)

(AS.LlSb)

(^2(0 — —; e)

= A2(£) exp[Ai (c — — —5)] + 52 exp[—Ag(c —- —6)]

(A5.1.15c)

C2( c —- ; e )

= Ai A2(e) exp[Ai(c — - —6)] —Ag52 exp[—Ag(c —- —6)]
(A5.1.15d)
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Equating (A5.1.15a) to (A5.1.15c) and (A5.1.15b) to (A5.1.15d) yields

A 3 (e) + 5 3 (e) +

Oe

=

A 2(£)exp[A i(c -

I -

6)] + 5 2 6 x p [ - A 2 ( c - I -

6)]

(A5.1.16a)
^ i^ 3(^) — ^2^ 3(^)

-b6)]
)]
— -^1A2(e) exp[Ai(c — ——5)] — A252 exp[—A2(c — ——
(A5.1.16b)

and solving (A5.1.16) simultaneously for A3(e) and 5 3 (e) yields

Asie)

e
= A2( e ) e x p [ A i( c - - - 5)]
Z

AgOig
ClQ

5 3 (6)

= 5 2 e x p |- A ^ ( c - ^ - 6 ) ] - ^

(A5.1.17a)
(A5.1.17b)

1

Cs{x\£)

= | A 2(e)exp[Ai(c — - —5 )]------------ exp[Ai(a: — c + - ) ] +
exp[-A 2(c - - ~ b)]

2^ j exp[—A2(x — c + - )] + Oe
(A5.1.17c)

(4). C3(x;e) and C 4 {x;e) at x = c +
At boundary point x = c +

(A5.1.7e) and (A5.1.17c) must satisfy (A5.1.8). Therefore

C*4(c+ - ;£ : )

=

(A5.1.18a)

5 4 (e)

(A5.1.18b)
C'3( c + —;e)
%

— A3(e) exp(Aie) + 5 3 (e) exp (—A2£) + 0!£

+ - ; 6)

Ai A3(e) exp(Aie) - X^Bsie) e x p (-A 2s)

(A5.1.18c)
(A5.1.18d)

Equating (A5.1.18a) to (A5.1.18c) and (A5.1.18b) to (A5.1.18d) yields

5 4 (e)

=

A3(e) exp(Aie) + 5 3 (e) e x p (-A 2c) + ae

(A5.1.19a)

-Ag54(e)

=

AiA3(e)exp(Aie) - A253(e)exp(-A2e)

(A5.1.19b)

and on solving (A5.1.19) simultaneously for 5 4 (e) yields

B^ie)
C4:ix]£)

— 5 3 (e) exp(—A2^) +

A] Ckg
do

— ^ 5 3 (e) exp(—A2£) H—

(A5.1.20a)
I exp[—A^(x —c — -)]
(A5.1.20b)
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and from (A5.1.17b) and (A5.1.14b) we see that ^ 4(5) (A5.1.20a) is independent of Ao(e)
term.

A5.2 Simplified forms of constant coefficients free of Ao(6)
We are now in a position to determine values of the constant coefficients and list them in
simplified form. Solving (A5.1.19) simultaneously for ^ 3(5) yields

A,ie) = - ^ e x p ( - A , e )
do

= Æ

fS E E h M )
7^0 \
e
J

< o

(A5.2.1)

and on substituting (A5.2.1) into (A5.1.17a), ^ 2(5) is determined after some algebraic simpli
fication to be

M e)

and where

-

r

^

^ : : ^ e x p [ - A i ( c - 6)]
jdo

sinh ( ^ )

> 0

(A5.2.2)

2

-4- 1 as 6 —> 0. Substituting (A5.2.2) into (A5.1.14a) and simplifying

yields A q{£) as

^ 0(6) = - ^ ^ [ 1 - exp(-A i(r)] -f —

e x p [ - Ai ( c - a)]

)j

(A5.2.3)

and clearly Ao(e:) > 0. On substituting (A5.2.3) into (A5.1.11a) yields Ai(e:) as

e x p [ - A i( c - a)]

- ^ ^ ^ e x p ( - A io - )

(A5.2.4)

From (A5.1.11b) and (A5.1.14b) we saw that

Bi

=

B2

=

(A5.2.5)

do
[1 - e x p (-A 2(T)]

(A5.2.6)

and on substituting (A5.2.6) into (A5.1.17b), ^ 3(6) is obtained as

Bsie)

=

^ (^o;//[exp(A26) - exp(A2a)] exp [-A 2(c - ^)] - — ^
do V
^
le J

(A5.2.7)

Finally, we substitute (A5.2.7) into (A5.1.20a) and after some simplification we obtain the value
of 5 4 (e) as
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B^ie) =

do

[exp(A2&) - exp(A2a)] exp[-A2(c + ^)] +
2'"

ydo

\

e
(A5.2.8)

and where

= Ag +

0

[e] —)> A2 as £: —> 0 .

From the constant coefficient terms, we shall assume that when we finally take the limiting
values as £ —^ 0 then ^ 3(5) —y A.^ (A5.2.1), A2(£) —y A 2 (A5.2.2), Ao(£) —y Aq (A5.2.3),
A i(e) —>- A\ (A5.2.4), B\ (A5.2.5) and B 2 (A5.2.6) remain as they are as they are independent
of £, Bo{e) -> Bo (A5.2.7) and 5 4 (e) -4- B 4 (A5.2.8). Other than the limiting cases of Ao{e)
and 5 3 (e) which have infinite limits as e —>• 0, all the others are easily determined. However,
we shall leave the limiting cases until the very end.

A5.3 Equilibrium odour concentration at the trap
Both ^ 3(e) and 5 s (e ) have infinite limits as e —> 0, this means that the difficult case is Cs{x] e)
as we should expect. However, this part of the solution disappears in the limiting case as e —> 0.
In fact, on substituting (A5.2.2) and (A5.2.6) into (A5.1.15c) and (A5.2.8) into (A5.1.18a), my
solutions show that C2(c —

e) (A5.1.15c) and C4(c+ 1 ; e) (A5.1.18a) tend to the same constant

as e —>• 0, which is

Cs(c) — ---- ^ — I
7 “o
where a n =

— {exp[—A2(c —h)] — exp[—A2(c — a)]}
UQ

(A5.3.1)

Equation (A5.3.1) therefore defines the equilibrium odour concentration at

the trap. However, it is worth pointing out that even though ^ 3(e) and 5 3 (e) take infinite values
as e — 0, the solution Co (A5.3.1) is nevertheless well-behaved. In fact, setting x = ey
for 0 <

Coiv; £)

c- |

< 1 in (A5.1.17c), we obtain

=

^ 2(e) exp[Ai { c - h - | ) ] exp{Xiey) 4- B 2 exp [-A 2(c - 5 - | ) ] exp(-A;e?/) -f| l - ^ e x p { - \ 2 ey) - ^exp(Aie% /) j

=

(A5.3.2a)

A2(e )e x p [A i(c - 6)] exp[A ie(î/- i ) ] -f 52 exp [-A 2(c - 5)] exp [-A 2e(y - i ) ] -f— 0|e^]
"yc

(A5.3.2b)

and finally, we get the limiting term as

Co{y)

-4

^ 2(0) exp[Ai(c - 5 )]-t- 52 exp [-A 2(c - 5)]

(A5.3.3)
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uniformly in y as e

0. Substituting for ^ 2(0) (A5.2.2) and B 2 (A5.2.6) into (A5.3.3), we

obtain the value 6 *3(0) given in (A5.3.1) above.

A5.4 Analysis of the spatial model
The analysis of the spatial model

with trapping

(5.5.1) with trapping requires that we determine two

important properties: (i) - the potential functions, Vm{x\£), and (ii) - the minimum eigenvalue,
A (s ).

(i)

P o te n tia l fu n c tio n s, Vm{x\e)

To achieve this, we need to reduce (5.5.1) to a standard eigenvalue problem by making use of
two substitutions. First, we seek separable solution to (5.5.1) in the form

N{x,t\e)

=

'ip{x]e)e

(A5.4.1)

where A(ê:) is the fly population rate of growth that is also a function of e. When we take the
limiting term as 6 —> 0 then A(c) —> A. Our aim is to look for suitable trapping conditions that
will make X{e) > 0 so that as t

> 00 the fly population is reduced over time. Substituting this

solution (A5.4.1) into (5.5.1) yields the following linear eigenvalue problem

ao'ip"[x;e) - pm{x\e)'ip'{x\e)+ [X{£) + qm{x\£)]'ip{x]£)

=

0

(A5.4.2)

Secondly, we now reduce the problem (A5.4.2) to standard form by introducing the transfor
mation

'ip{x]e)

=

'ipo{x;e)e'^^^'^^

(A5.4.3)

so that on substituting (A5.4.3) into (A5.4.2) yields

aoV^o(a;;£) + [2a{)v'{x\e) - pm{x\ e)]ii)'^{x\ e) -f [X{e) - Vm{x; e)]'ipo{x; e)

=

0
(A5.4.4)

where Vm{x\£) are the potential with m = 0 , 1, 2,3 ,4 . On equating the coefficient of ?/>o(x; e)
in (A5.4.4) to zero yields

v'(x-,€)

=

v"{x-,6)

=

2ao
2ao

(A5.4.5)
(A5.4.6)
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Therefore, from (A5.4.3) we now have our eigenvalue problem (A5.4.2) reduces to the standard
eigenvalue problem

ao'ipQix-^e)+ [\{e)-Vm{x;£)]'ipo{x]£)

=

0

(A5.4.7)

where

Vm{x; £)

=

Pm{x; £)v'{x-, £) ~ aov'^(x; £) - aov” {x\ e) - qm{x\£)

=

4ao

(A5.4.8a)

(A5.4.8b)

/

after substituting in (A5.4.5) and (A5.4.6). It now follows that the total potential, V{x\£), is
given by

V{x\£)

(ii)

=

Vm{x\£)

for

X

(AS.4.9)

£ Cm

M in im u m e ig e n v a lu e , A(s)

Using a similar procedure as we did earlier (Appendix A4.2), we know that if A(e) is the lowest
eigenvalue corresponding to the eigenfunction -00 = 0o(a^;

then by Rayleigh-Ritz method [233,

234, 271], we have that

A(e)

=

-uo[W o]-oo + ao||0oll^+ < F(a;;6)0o,'0o >
^

----------------------------

t

a

\

(A5.4.10a)

and because [0 o0 o]^oo — 0 then

x{ £)

=

Q oll^of + < V { x\£),'lpl >

ll^oll*

(A5.4 .10b)

Clearly, provided that the potentials Vm{x\£) > 0 then the eigenvalue A(e:) will be real and
positive. We know that for a general function ip{x]£) rather than the eigenfunction 'tpo{x;£),
we have

A(s)

<

for any non-zero function 'ijj with 0 ' G
0. Since

? o ll^ T +

>

(A5.4.11a)

and which satisfies the boundary conditions 0 (± o o ) =
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M .)

-

it suffices to show that

/

oo

V{x\ e)'i}P‘{x\ e) dx > 0

(A5.4.11c)

-O O

for any such ip. This will hold provided Vm{x', e) > 0 iov x E Cm- From (A5.4.8b) and (5.5.2b,c),
V{ x] £) is dependent on Cm{x’,£) it now follows that V{x\ e) — Vm{x\s) for m = 0 ,1 ,2 ,3 ,4 .
From (A5.4.11c) and using the outline in Figure 5.1, we now have that

<
-O O

/

oo

/

a

V{x\ e)ip'^{x\ e) dx

(A5.4.12a)
ph

Vo{x-, e)ip‘^{x\e) dx + J

/

V i(x;6)^^(x;E) dx +

V2 {x-, e)ip {x\ e) dx + /

J b

Va(x; e)^ (x; e) dx +

V c-§

roo

/
V4(x;E)V^^(x;e) dx
Jc+^

(A5.4.12b)

We do not know the precise form of function ip{x]£), however, what is not in doubt is the
fact that ||^'(x;£:)|p > 0 and ||'0(x;£:)|p > 0. Therefore, we need to establish conditions under
which y (x ; s) > 0. That will guarantee that A(e) > 0. Clearly, we know that ||?/’'(x; e)|p > 0.
If ||'0'(x;£)|p = 0 then ip'[x\e) = 0, which implies that ip{x-,e) = constant. But the boundary
conditions areip{±oo) — 0,and

so ip{x\e) = 0 everywhere, but

this cannot be true since if

ip{x\e) is an eigenfunction {i.e. ip{x;e) = ipo{x;e)) and hence, by definition, not identically to
zero. We therefore know that ||'0'(x;e)|p > 0. So, to get A(e) > 0, it is sufficient that the
potential V (x; e) > 0.

A5.5 Conditions for total potential V ( x ; e ) > 0
We need to establish under what conditions Vm{x;£) > 0 for m = 0 , 1, 2,3 ,4 . For those cases
that cannot be determined readily we shall wait until we evaluate the integral value in (A5.4.12)
so that we have some overall conditions that will make A(s) > 0. Clearly, the most important
one is V3(x; e) where the trap is located, it also turns out to be the most difficult because of the
presence of the term e which is embedded in its equation in a way that is difficult to eliminate
as 6 -4 0 as it gives rise to indeterminate forms. We first deal with Vo(x;e), V\{x;£), V2 {x;£)
and V4(x;e) before looking at V^{x]£) in Appendix A5.6.
Applying (A5.4.8b) to Vm{x;£) when m = 0, 1,2 and 4, then focusing to make the term
^

> 0 we find that following standard algebraic manipulation, we obtain the follow-
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ing result: When m = 0, Vo{x',e) > O f o r x < a i s a straight forward outcome. When m = 1,
V\ {x; e) > 0 ioT a < X < b if and only if

XliJ,Tk{£)

>

{Ai exp[Ai(c - ft)] + A2 exp[Ai(c - a)]}

(A5.5.1)

as the required sufficient condition for V\{x;£) > 0 to hold. This implies that fiT has to be
sufficiently large, however, it may be difficult to obtain a good lower bound for fir- When
m = 2, V2(a;; e) > 0 for ft < a: < c — I if and only if

Aj/iT’ + A2/Li/fft,{exp(A2<r) - l} e x p [—A2(c —a)]

>

0

(A5.5.2)

as the required sufficient condition for V2 (x]£) > 0 upon taking the limiting value as £ —> 0.
Note that (A5.5.2) is necessarily true since the left hand side is the sum of positive terms. When
m = 4, 14(2:; £) > 0 for a: > c + I is a straight forward outcome.

A5.6 Determining the required conditions for V^{x\e) > 0
For a general function 'ip{x\e) > 0, we have established that in sectors Co and C4 (Figure 5.1),
the respective potential functions Vb(ar; e) and 1/4(2;; e) are all strictly positive. In sectors C\ and
C2 (Figure 5.1), the respective potential functions Vi(a;;£:) and 1/2(2;; s) will be strictly positive
if condition (A5.5.1) and (A5.5.2) holds respectively. It now follows that since %ft^(a;; a) > 0
then

Vm{x\

{x\ e)

>

0, m = 0, 1 ,2 ,4

(A5.6.1)

which now implies that

/

a

p b

Vq{x \ e)'iI)^{x \£) d x /
-00

/

Vi{x\e)'il)^{x\£) dx

J a

ÇOO
1^2(2;; £)V^^(a;;£) da; + /
14(2;;

J b

J

(a;; e) da; > 0

(A5.6.2)

c+2

We are now left only with sector C3 (Figure 5.1) which contains the tsetse trap to determine
the required conditions for V^{x\e) > 0 so that

J

V^{x",£)'ip {x-,£) da;

>

0

(A5.6.3)
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(i) A s y m p to tic e v a lu a tio n o f <

V^{x\e),'^'^{x\£)

>

The conditions we obtain for Vs{x',£) (A5.6.3) will have some bearing on the kind of trapping
regime to expect in the field. It now follows that since we do not know the precise form of
xp{x;£), then we will utilize the Fundamental Theorem of Calculus [269], whereby we now write

J c —

V3 {x-,£)'ip‘^{x]£) dx

=

F^{ x \£) = M

= V^{x\£)lp^{x\£)

(A5.6.4)

F3( c + | ; e ) - F3( c - | ; e )

5*

where

x \£)

(A5.6.5a)

We note from (A5.6.5a) that

lim - /

f^{x;£) dx

=

/ 3(c)

(A5.6.5b)

for any bounded function f^{x]£). If we now write V‘^{x\£) = \ f [ x \ £ ) + 0[6], then we obtain

rc+f
lim /
V^{x\£)ijj^{x\£) dx

=

(A5.6.5c)

/ 3(c)^^(c).

So, all we have to do is to identify the terms of order £ [i.e. 0[£\) in 1/3(3;; e). Therefore, Taylor
expanding (A5.6.4) yields

^ V3 {x]£)'ip‘^{x]£) dx = £F^(c;£) + 2 ( D

e) + 0

|

(A5.6.6)

where

F^(c;£)

=

(A5.6.7)

1/3(0; £)V^^(c;£)

from (A5.6.5). Working only with terms of 0{£^) and utilizing (A5.6.7), we see that

s

F ^ { c \ £ )

=

(A5.6.8a)

£ V ^ { c \ £ ) ' i l ) ^ { c \ £ )

do

V dx

dx"^
(A5.6.8b)
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Taking T = c, and substituting in (A5.6.8b) the value for

and ^

and then

combine by grouping together terms of the same order 0{e^), O(e^) and 0{e~^), we obtain

=

dx

0 (e) - 2A2( e ) e x p [ A i( c - 6)]exp
2^ 2(£)exp [A i(c-fe)]exp

exp

2B 2 e x p |- A ^ ( c - 6 ) |e x p ( ^ M ^ e x p ( : ^ )

-

2B 2 e x p [ - A ; ( c - 6)]exp
^ AiAg/^T^^ ^ exp(Aie) + e x p (-A 2g} - 2 exp ( ^ ) ^

(A5 6 9)

and

= 0{e) -

(ii)

(^^1 exp

+ Ag exp

^

(A5.6.10)

T h e lim itin g valu es as e —> 0

We are now in a position to determine the limiting values as e —>■0. It is clear from (AS.6.9) and
(AS.6.10) that as £ —>■0, all terms of 0 ( e ) —>• 0. Therefore, from (AS.6.19) we see that all terms
will cancel each except the last term which gives an indeterminate expression of the form ^ as
e ^ 0. By applying L’Hospital’s Rule to this expression and remembering that ^

we

see that as e —> 0 then

| ' exp(Ai^) + e x p ( - A a £ ) - 2 e x p (a 8^ )\

^

A , - A ; - A . + A^==0

(A5.6.11a)

and which now implies that

“ *■ “■

(A5.6.11b)

Similarly, from (AS.6.10) all terms of 0 ( e ) —> 0 as e —> 0, therefore, we have

Ai exp

+ Ag exp ^

Ai + Ag = do

(AS.6.12a)

and which now implies that

^ 1 %

^ )

-

(A5.6.12b)
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If we now substitute (A5.6.11b) and (A5.6.12b) into (A5.6.8b) and then relate it to (A5.6.8a),
we see that as £ —> 0, then from (A5.6.8a) we get

J

^ Vs{x]e)'ip^{x) dx

-4-

where we are assuming that ijp‘{c\e) —>

V’o(c)

(A5.6.13)

as £ -> 0. Hence, it now follows from (A5.6.3)

and (A5.6.13) that V^{x\e) > 0 if and only if

vt

-

•0^(c)

and we also need to note condition (A5.5.1) specifies that

>

0,

(A5.6.14)

ht

must be sufficiently large. It is

worthy pointing out that 1/3(2;;£) —)> 1/3(2;) as £ —>• 0 does not hold because V^{x\e) ~

In

fact, this is the point of the calculations leading to (A5.6.14).

(ill) S u fficien t c o n d itio n s for A(£) > 0
We have now seen the necessary conditions (A5.6.14) needed to make Vm{x) > 0. It now follows
that as £ —>• 0, A( £ ) —>• A > 0 in the region where the tsetse trap is contained, in the sector of
Cs{x]e) and where 1/3(2;; £) > 0. Therefore, (A5.6.14) must be strictly greater than zero, hence
we have

>

0

(A5.6.15)

7
where (3 with units

is a measure of ’' fly-odour association' i.e. the number of flies attracted

to per unit concentration^^ of the odour attractant. From (A5.1.4a,c) we note that A1A2 = ^
(A4.1.7e) hence, substituting this into (A5.6.15) yields

V t

>

2,9 f

V t

>

f t ( I T

Ç Ît

>

Dn
%

fiT

(A5.6.16a)
(A5.6.16b)
(A5.6.16c)

where
unit of odour concentration
cm “ ^. Thus, each

C

volum e (m ol cm ~^).

C

= concentration o f 1 mole of odour attractan t

=

C

~

2.7x10^® mol

value of odour concentration contains 2.7x10^^ m olecules of odour attractant per unit
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Q

=

2(3

=

— C -i
llT

)

C-^

(A5.6.17a)

(A5.6.17b)

Thus, Q is the '‘required! number of flies that we expect should be attracted to per unit of odour
concentration released by the trap, whereas Q.t is the '‘actuaV number of flies that are attracted
to per unit of odour concentration released by the trap. Whenever a trap maintains condition
(A5.6.16c), then it will be classifled as 'efficient! and hence appropriate for use in tsetse control
programme, otherwise, it is 'inefficient and hence not appropriate for use in tsetse control
programme.

236

Chapter 6
DISCUSSION I
Our model analysis has shown that the following principal parameters in the tsetse fly trophic
interactions are vital to its population increase, that is, fly-odour association; the fly’s birth
rate; the total fly mortality rate; the flies rate of dispersal; the odour rate of diffusion and the
host spread. The fly-odour association is the average number of flies attracted to per unit of
odour concentration that is released by the trap. Our findings that translates into a measure
of trap efficiency shows that for these parameters to have any meaning from a tsetse control
point of view, they have to be taken as if they operate together because the final measure of
trap efficiency is composed of these factors that are assumed and indeed do operate together,
and hence, influence and supplement each other.
The trap efficiency is characterized by two parameters, Q (5.5.4a) and Q t (5.5.4b) where H
measures the '‘'required trap efficienci/^ and

measures the "’actual trap efficiencÿ\ In accor

dance with condition (5.5.5), a particular trap will be classifled as efficient if ÇÎt > f), inefficient
if Qy < Q and on borderline if fir = Q. The measure of '‘required trap efficiency\ ÇI (5.5.4a)
is “fly-odour specific” because it contains only values inherent in the fly and odour equations,
namely, fly-odour measure of association (^), fly rate of diffusion { D n ) and odour rate of diffu
sion (Dc); whereas the measure

actual trap efficiency\ D t (5.5.4b) is “trap-specific” because

it contains only trap specific values, namely, added fly mortality rate due to trapping {v t ) that
is estimated from the actual trap catches over time, and the traps rate of odour release { pr)
that has been used by several researchers [30, 109, 115, 116, 182, 183].
A given trap must attain and surpass Q (5.5.4a) in order for trapping as a "killer h o s f to have
any noticeable effects on the tsetse fly population, due to the expected high trap induced fly
mortality rate (5.5.4c), that for very efficient traps does not need to be supplemented by natural
fly mortality (5.2.2). Since the rate of trap odour release pT > 0 is sufficiently large (A5.5.1,
A5.5.2), then (A5.6.15) implies that trapping mortality

> 0 and large too. Hence, as long

as fT > 0 then the minimum eigenvalue A > 0 which is also the fly’s rate of birth, hence, the
fly population will collapse to zero over time as shown by (A5.4.1). Therefore, over a period of
time, and as long as the minimum rate of trapping mortality is as given in (A5.6.18a), tsetse
population will decline due to the added mortality from the trapping effects.
The '‘'‘required trap efficiencÿ’ (Q) gives us an indication of a specific traps killing capacity. It
is a simple measure that is easily computed and has all the totality of features that emanate
from the target/ fly interactions that go into defining a trap’s efficiency.

A likely target of

tsetse control practitioners is to have effective traps {Ü.T > f)). Borderline traps (Q t = II)
can be improved with minor adjustments hopefully, but ineffective traps {fir < fl) indicates
presence of major design flaws and this calls for a review of the whole design process. The traps
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attractancy is a feature that is dependent on many factors such as: the prevailing fly and host
densities, wind speed and direction, temperature, humidity, vegetation cover, human activity,
material used in trap construction, trap spacing and position, terrain and many others.
Compared to the complete and incomplete electric net methods of determining trap efficiency
[187, 191, 209], we make no prior assumption about the efficiency of our method.

In the

electric net methods, hypothetical values such as 100%, 75% or 50% [210] assigned as net
efficiency, with the final value of trap efficiency depended on the assigned net values. This
introduces unnecessary subjectivity in the final value that usually inflates the trap efficiency
values as reported in [187]. The major problem with the netting approach is in determining the
‘efficiency’ of the method of determining trap efficiency. Gibson and Torr [100] reported that
to improve trapping systems it is important to establish the efficiency and bias of the sampling
systems. Hargrove [147] pointed out that it is important that the level of efficiency is known
accurately when estimating the efficiency of various traps for tsetse using incomplete ring of
electric nets [191].
In assessing the efficiency of electric nets as sampling devices for tsetse flies. Packer and Brady
[210] found that when account was not taken of flies which behaviourally avoided the net, the
best system had an efficiency of 55% (range 49-61%). The netting m ethod uses trap catches to
quantify trap efficiency. Our approach also has trap catches via the trapping mortality term,
however, our approach goes further than the netting approach in that it takes into account
other factors essential to the process of trapping such as fly and odour dispersion through their
respective rates of diffusion, odour rate of release, fly mortality due to trapping and a fly-odour
association that develops as a result of the process of fly/target interactions.
A major deficiency of the electric net method is that it does not give us a threshold value for
trap efficiency, it only computes some percentage value [187, 191, 209], therefore, based on these
percentages it is difficult to decide on the ‘quality’ of trap efficiency in line with what we have in
(5.5.5). At times, percentages can be misleading because they hide the true nature of data and
information used to compute them, for instance, three flies visiting a trap that ends with two
being caught will give a trap efficiency of about 67% by the electric net method, whereas, our
method (5.5.3) shows a very inefficient trap because (5.5.3) is dependent on some vital system
parameters (5.5.4) from the wider tsetse population and intrinsic trap qualities, and not just
catching two flies.
Apart from parameter (3 that measure fly-odour association, all other parameters in (5.5.4) are
easily estimated as we have done in the earlier sections or have already been estimated and can
be obtained from published papers as we did and summarized them in the list of parameter
estimates (page 24). The parameter (3 is an all encompassing measure that describes the totality
of the relationship between the vector (tsetse fly) and the odour attractancy. Several factors as
indicated in section 5.6 play part in influencing the attractiveness of a trap, in spite of the fact
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that it is not possible to obtain a simple relationship that gives us an indication of the trap
attractiveness. However, /3 which is some measure of attractancy of the odour from whatever
source has nothing to do with the traps or herbivore hosts per se, it also has nothing to do with
wind speed or host and fly densities. It is simply an intrinsic measure of the attractancy of the
odour to the fly.
It may be possible to obtain some measure of (3 from laboratory and field experiments. An
important feature of trapping is that there has to be sufficient numbers of tsetse ffies to be
attracted, the higher the number of flies in a given area the more likely some will find their way
to the trap. For that reason, it is logical to relate trap attractancy to the trapping mortality,
Vt , in that if

vt

is high then there is '‘something^ about the trap that the flies find attractive.

That specific factor is difficult to pinpoint since as we have pointed out there are several factors
at play.
Therefore, our approach gives a more inclusive measure of trap efficiency since it involves the
essential parameters in the fly/target interactions. It is more cost-effective in that being an
alytical in approach, it requires less time, fewer man-hours and is economical, but field trials
will still be required for final verification. The same cannot be said of the netting method.
Nevertheless, the difficulties with our approach is in determining a measure of fly-odour associ
ation which can only be done experimentally. I believe an experimental approach similar to the
electric netting method can achieve this, but that is for the future. Clearly, both methods if
combined can provide a more thorough measure of trap efficiency and supplement each others
strength and weaknesses.
Deterring the conditions for assessing traps efficiency is a consequence of having a clear under
standing of the mechanics of vector-host relationship which is the central theme in Part I of this
thesis. The general interaction population models developed as (2.4.1) and later adapted to
specific populations that yielded the ’’quasi” tri-trophic food chain IDE model system (2.5.5)
which relates behavioural patterns of interactions between

and

attractant^’ to

population level phenomenon. The advantage of such a ” complete” system as (2.5.5) is that the
inter-relationship between key state variables: plants quality { P{ x, t ) ) , host density {H{x, t ) ) ,
fly density { N{ x, t ) ) and odour concentration {C{ x, t ) ) are shown to be different parts of one
system web however complex it may be.
Past models of the different aspects of population dynamics of tsetse flies [81, 84, 87, 96, 126,
147, 148, 204, 206], do not reflect how other species affect the tsetse population, and yet it is
well known that such influences are important [72, 78, 92, 110, 115, 116, 123, 198]. Also unlike
our models (2.5.5), past models have tended to ignore the spatial aspect of tsetse population
dynamics, yet the importance of including space in models of ecological interactions similar to
what we have done in (2.5.5), is in the way it can affect fundamental system behaviour.
May [251] and others have shown that large complex ecological system s will tend to be unstable
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and yet real ecological communities are stable.

The reason why natural ecological systems

are stable as DeAngelis [213] noted, is because spatial considerations are an important part
of many explanations. Levin [252, 253]) indicated that taking into account the phenomena of
spatial heterogeneity and organism dispersal allowed competing species to co-exist, and through
dividing space allowed poor competitors but good disperser to exist as '‘fugitive^ species, and
allowed prey to avoid being over-exploited by predators through predator avoidance in space.
It has been shown in particular that diffusion in space could in some cases smooth out insta
bilities such as those resulting from strong interactions between predation and prey [255]. In
fact spatial extent and heterogeneity plays a vital role in the diversity and relative stability
of ecological communities [213]. Spatial diffusion of organisms can actually have mixed effects
on ecosystem stability, sometimes helping to reduce instabilities, but sometimes creating con
ditions for instabilities [213]. Therefore, including spatial features in the IDE system (2.5.5) is
justified, although it makes the analysis much more demanding.
Nevertheless, the advantage of these past models is that as control tools on shorter time scales
are very useful in that they are simpler, have fewer parameters and are easy to manipulate
enabling the determination of vital tsetse population parameters such as rates of: fecundity,
survival, mortality, diffusion, trapping and feeding just to name a few. In fact some of the
parameter estimates used in the analysis of the IDE model (2.5.5) were initially obtained from
such models [81]. On a longer time scale, and as a tool of analyzing possible future population
trends, our approach of model formulation has some advantages.
Despite the fact that for hosts (2.5.5b) and flies (2.5.5c) we only dealt with two attractants in
each case, these can be expanded to any number of attractants, of course making the models
much more complicated. Nevertheless, these models (2.5.5) by themselves can be quite chal
lenging because of their complexity due to the presence of non-linearity. Combining the ease
of parameter estimates from past models with the analytical possibilities and predictive power
of these models (2.5.5) provides us with a very powerful tool of understanding the underlying
process of tsetse trophic interactions and identifying which key parameters to manipulate for
purposes of tsetse control, similar to what we explained in Sections 5.5 and 5.6 based on the
model analysis presented in Appendix A5.6.
Our model system (2.5.5) did not address certain issues, partly because our focus was on
vector-host relationship rather than on the disease itself. Some of the shortcomings in our
model system are:
1). From (2.5.5a), we note that translating how herbivore animals ’’rate” plant quality is not
easy as put in the thesis. The assumption made that the NDVI values are a reflection of
’’plant quality” might be right from an analytical point, but not necessarily right from the
point of the animal host. What is not at dispute is that an increase in moisture content
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improves plant quality through the resulting photo-synthetic activity that is given as NDVI
values.

The unreliability and unavailability of meteorological data from many parts of

sub-Saharan Africa (SSA) [220], makes NDVI a very ideal measure of plant quality.
2). The resistant nature of the hosts or effects of tsetse feeding on hosts with increased resistance
is not reflected in the host part of the IDE system (2.5.5b), yet host resistance is very
important in the sustenance of indigenous Bos indicus breed of cattle such as N ’dama in
West Africa and Zebu in East and Central Africa [68, 164]. Inclusion of a density-dependent
parameter for host resistance which depends on infesting tsetse ffies could have enabled us to
see how tsetse population change with varying host resistances. The assumption here being
that infesting tsetse ffies triggers the host immune responses, with the degree of response
depended on the number of infesting ffies.
3). Host aggregative behaviour is not explicitly considered similar to what Edelstein-Keshet
[237], Lewis [238], Turchin [239] and Gueron et a l [244] did in their models, despite the
fact that gregarious behaviour is common in nature, since animals spend part or all of their
life in groups. However, this aggregative behaviour is covered by the parameter Q2 with
units

in (2.5.5b) which is a measure of ^^conditional association^’ between hosts and

their con-speciffcs. Since / ( P , i7, V ) (2.5.6b), the reaction term of (2.5.5b) is formulated
from the assumption of that the hosts are domestic cattle, then host ’’mortality”, 7/3 is not
a mortality rate as such but rather a reduction in the herd population due to ^Hsetse-free”
factors outlined in sub-section (2.5.2.2).
4). Randolph et a l [98] reported that there is a substantial risk of death to a fly from predators
during feeding or after feeding because of its conspicuous maroon colour from feeding on
blood and immobile nature. This increased chance of mortality is not reflected explicitly in
the tsetse part of the IDE system (2.5.5c) save for classifying all tsetse mortalities in the
parameter V2 (2.5.6c). Inclusion of such a feeding parameter could have possibly enabled
us to estimate the efficiency of tsetse at finding and feeding on a host. The kind of host
finding efficiency that has already been pointed out in [98].
5). There is evidence to suggest that vector migration depending on seasonality play an impor
tant role in the population dynamics of tsetse ffies [84, 96, 220, 232]. We never included
component for migrating ffies from and to a given patch environment or inter-patch migra
tions. Such an inclusion is ideal when one is working with epidemiological models because
such an inclusion will provide a measure of the speed at which the disease is evolving. Our
focus here is not on epidemiological modelling but on vector-host relationship.
6). The component of puparia has not been considered in (2.5.5c). The success of puparia
population has a knock-on effect on the overall tsetse population.

Williams et a l

[81]

computed estimates of tsetse natural mortality by including terms on pupal mortality and
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adult mortality into a tsetse population loss rate, and found that a pupal mortality rate of
1% day“ ^ and an adult mortality rate of 2.8% day“ ^ yielded a stable population. Because
of the docile nature of the puparia vis-a-vis the mobile fly, its role has not been adequately
modelled. The IDE model system (2.5.5) can easily accommodate such an addition, giving
rise to a fifth equation of the form

= q{E, N ) where E{ x, t) is density of puparia

in space and time and q{E, N ) is the reaction term that is a function of E and the adult
tsetse population, N, preferably females.
7). The inclusion of a component of puparia as a separate equation could have been more ideal if
were also modelling the transmission dynamics of the disease itself, because the teneral flies
that have just emerged from the pupa and have not taken their first blood meal are clean
and uninfected hence, they constitute the population of susceptibles, once they take blood
from an infected host and before they become infective they constitute the population of
incubating flies and after becoming infected with the trypanosome parasite they constitute
the population of infectives. Such a scenario was used by Artzrouni and Gouteux [154] to
formulate a model for the spread of sleeping sickness (human trypanosomiasis). However, as
important as the disease models are, our focus in this thesis is not on the disease parasites
but on the disease vector. For now, we leave that addition and the others for a later time.
One of the dangers of having a system of equations with many factors is in the estimation of
model parameters for purposes of analysis. Therefore, the analyzes of the IDE system (2.5.5)
was done by considering it in two modes: the non-spatial mode and the spatial mode. From
the non-spatial model components (3.2.1), estimates of some parameters were obtained from
data collected by Brightwell et al. [84]. The analysis of the non-spatial model (3.2.1) showed
that there is a maximum reduction in plant quality (A3.1.14) due to host action that is possible
after an indefinite period of time. Therefore, a complete decimation of plant quality by hosts
is not possible.
This guards against extinction of plant quality, thereby allowing room for future recovery and
prospects of food material for future generations of other hosts. From the non-zero equilibrium
point X 3 (A3.3.7) and utilizing (A3.3.11c), we can deduce some important facts about plant
quality, that is: (a) plant quality is drastically reduced by presence of hosts { H ^ 0) and total
lack of flies

(A T

= 0); (b) in the presence of hosts { H ^ 0), an increase in fly population { N / 0)

favours plant quality; (c) the most favourable case for plant quality is when hosts are absent
{ H = 0) which also implies that flies will also be absent { N = 0).
The stability analysis of (3.2.1) revealed the existence of three points of equilibria, namely X j
(A3.3.5), X 2 (A3.3.6) and X 3 (A3.3.7). It was evident from (A3.3.7) we cannot have P 3 < ^
as this would mean that N* < 0 which is biologically meaningless and impossible. Therefore
the two viable cases are P 3 — ^ and P3 >

From the inequalities in (A3.3.11), we see
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that having fg < P3 is a stronger condition for a patch to have as this guarantees that the
maximum plant quality, P will have a lower bound (A3.3.l id ) . In particular, if P < ^ then
the only possible equilibrium is

= ( P ,0, 0).

Eigenvalue analysis showed that X* is unstable only if P >

which implies that unharvested

plant quality must be sufficiently high for a non-zero herd to be supportable. Plant quality
in the absence of hosts will always increase to P , and this increase will only be regulated
by its internal mechanism based on the prevailing environmental conditions. From eigenvalue
analysis, we find that for a viable herbivore population to exist in patch Q (Figure 3.2), then
P > ^ at all times. A complete picture of stability status (A3.3.21) shows that condition
(A3.3.21) guarantees the favourable co-existence of plants, hosts and vectors in our presumed
patchy environment. The complementarity of using either the plant or host equilibria as shown
in (A3.3.22) indicates that we could have arrived at the same results concerning the vector fly
equilibria irrespective of whether we use the plants or hosts values.
Due to the unavailability of parameters estimates for odour equation (2.5.5d), we devised a
method to estimate odour rate of release, fi (4.3.8c) and odour rate of diffusion, D c (4.3.9)
from published data [202, 228], and some novel methods for estimating odour rate of decay,
7 (4.4.6b). The use of stationary solution to (2.5.5d) by considering odours as being released

from a point has been used in the thesis with remarkable success to achieve several results.
In the case of estimating 7, we had to assume that there is a threshold odour concentration,
Kq, whose estimate Kq = Kq (4.3.18), such that behavioural changes from odour concentration
will be elicited on the part of the fly if C > Kq and none at all if C < Kq (Figure 4.2).
The stationary solution method is section 4.4 enabled us to determine an equation of the
threshold concentration, Cq (4.4.3) which we combined with the estimated value of Cq (4.3.19)
to determine 7 (4.4.6b).
The analysis of the spatial model (2.5.5) was made simpler by assuming stable conditions in
the viable patchy environment, Do, where h = H* = ^ and P* > ^ (Figure 4.9). The
solution of (4.5.2) shows that the matching conditions (A4.1.1) which ensures continuity and
differentiability across boundaries x = a and x = b (Figure 4.9) and the boundary conditions
(C (± oo)) yielded functions of odour dispersion, C{x) (4.5.3) that are smooth and continuous
in R (Figure 4.10). The assumption that plant and host density change slowly compared to fly
density and odour concentration was crucial in facilitating further analysis of the spatial model.
From (4.6.3b), we established that the self-adjointness of the linear elliptic operator L (A4.2.4a)
by obtaining an operator L* (A4.2.20) that was self-adjoint. Self-adjointness of L was a nec
essary condition if we were to perform an eigenvalue analysis on the spatial model (4.6.3b) of
the vector fly population. Despite the fact that an important requirement for (A4.2.28a) to
hold was that the potential function V{x) (4.5.25) should always be positive, it was difficult to
prescribe any biological relevance to the potential function, V{ x) in spite of it having units s“ ^.
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I think this is because V{x) is a product of mathematical analysis resulting from amalgamating
several factors and forms (A4.2.24) inherent in the model system.
The plots of V{x) (Figure 4.11) show that for different values of fly-odour association,

V{x)

takes both negative and positive values. Clearly, higher values of /3 will always yield V (x) > 0.
We observed that for every increase in (3, the mean number of flies attracted per unit of odour
concentration (C"^), the potential V{x) increases by a factor of xlO'^. When V{ x) > 0 then
there exists a complete orthonormal set of eigenfunctions of operator L satisfying the relevant
boundary conditions ^pi{±oo) = 0, and corresponding eigenvalues Aq, Ai , A2, • • • , A„, • • • such
that (A4.2.37) holds.
Using the method of finding solutions by separation of variables, we were able to express (4.6.3b)
as a standard eigenvalue problem given by (A4.2.40d), which is also a steady-state equation
that is time-independent with the same boundary conditions (A4.2.40e). We note from the
separation formula (A4.2.41) that if A > 0 then '0(x, ^) — > 0 as É — y 00. This will occur
for any eigenvalue if it is true for the minimum eigenvalue,

Aq.

Under this situation, we see

from (A4.2.39) that the fly population will collapse to zero. However, an important property
of standard eigenvalue problem is that provided the potential V{ x) > 0 then its eigenvalues (A)
are real and positive (A G R+) [1, 65, 232, 233, 234]. Therefore, from (A4.2.39) we see that if
A > 0 we would expect the fly population to collapse and if A < 0 the fly population will take
off. A fly population can be viable only if

Aq

> 0 hence, we need the necessary conditions that

will guarantee that A > 0.
The Rayleigh-Ritz method connects eigenfunctions to eigenvalues and provides an effective way
of obtaining approximations for

Aq

[233, 234, 271]. From (A4.2.41) it is clear that the condition

for a non-zero fly population to be viable is

Aq <

0. Therefore, this requires V{ x)

<

0 in

some region (Figure 4.11). It now emerges from (A4.2.47) and (A4.2.50a) that in determining
the necessary conditions for

Aq <

0 the right parameter to be emphasized is host density, h.

The other parameters were grouped according to their ecological role from environmental and
vectorial considerations, where the environmental parameters are: a — b — a { “spread” of the
herd), 7 (rate of odour decay),

uq

and the vectorial parameters are:

(constant wind speed) and D c (odour diffusion coefficient)
— \ k 2 Dj^ (fly diffusivity which is similar to ûq

( 4 .5 .3 c ) )

and aj^ = (3Dj^ (fly attractivity to odour which is similar to ai (A 4.2.19a)).
It now follows from (A4.2.65) that an important condition for

Aq

< 0 is that the quadratic

equation q[e) < 0 (A4.2.74) with the graphs of (A4.2.77a,b) given in Figures 4.12 and 4.13 that
indicates the relevant region in the fourth quadrant. We get several important results from
the analysis of (A4.2.74). First, (A4.2.92a) and (A4.2.100) establishes the host bounds that is
graphically given in Figure 4.12. The host bounds imply that odour attractancy is needed for fly
population to take off whenever h lies in hi < h <

and when h > ^ , the fly population will

increase even in the absence of the odour attraction due to the high host density. An increasing
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fly population implies that there are more tsetse flies attracted to per unit concentration (C“ ^)
of odour attractant hence, (3 the measure of fly-odour association must have a lower bound that
is given by (A4.2.105), and clearly this value will go up with increasing odour rate of diffusion,
D(7 , as more flies are likely to be attracted.
Condition (A4.2.107) shows that the fly’s rate of birth, v i , lies in an interval having a lower and
upper bound. A likely implication of this is that a fly population requires a certain minimum
rate of birth for it to take off, and once it has taken off the population birth rate should not
exceed a certain maximum value otherwise an exploding fly population will lead to a probable
decimation of its food source through excessive feeding that weakens the host and disease
transmissions leading to host death in some instances. However, the real situation in nature
is that for any organism, an ever increasing birth rate would lead to exploding population
density, but this does not happen for obvious reasons due to density-dependent mortality or
fecundity rates. It is a fundamental feature of tsetse (which determines their specific population
dynamics) that their birth rate is more or less fixed, and it is the mortality rate that varies
to any significant degree. In the field there is no evidence that variation in feeding success
leads to variation in fecundity (i.e. increase in abortion rate; increase in egg production rate is
physiologically impossible); rather it leads to variation in mortality rates.
We see from (A4.2.107) that when herd spread (cr) is large as it usually happens in dry seasons
(October-February) when herds travel for long distances in search of pastures and water, tsetse
fecundity is lowered. This can be attributed to the fact that tsetse flies also have to disperse
longer distances in open space in search for food and in the process expose themselves to flying
predators. In dry seasons, tsetse flies use a considerable amount of time and energy struggling
for survival in search of food with little energy left for procreation. An increase in rate of odour
release {fi) also favours an increase in tsetse fecundity, v\ , as seen from (A4.2.107). It is natural
that any population of organisms increasing in numbers should have a mortality rate that has
an upper bound. This seems to be the case with tsetse flies with the upper bound of its death
rate, V2 given by (A4.2.109). We should expect that the lower bound of V2 is somewhere close
to zero. Also from (A4.2.109), we see that there is a direct link between V2 and v\ so that as
v\ increases or decreases so does V2 Inequality (A4.2.113) gives us the required minimum fly diffusivity for the fly population to
take off. It is documented in the literature that an important factor of tsetse flies dispersal is in
search of food, with movement becoming more directed in the presence of host odour. As the
herd spreads ((t) more, fly diffusivity also increases because flies will now have to move further
from their habitats in search of food. Further analysis of the same quadratic equation (A4.2.74)
but now as a function of ji (A4.2.114) yielded the important inequality (A4.2.120) illustrated
in Figure 4.13 which shows that the minimum host density h\ such that h > h\ \s given by
(A4.2.121a).
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From (A 4.2.121a), we see that if h = h i, the host will not produce sufficient odours to elicit or
motivate dies to move towards a source of odour. That motivation will come when host density
is increased by

(A4.2.121b). Therefore,

is the host density '"''critical mass" needed beyond

the minimum host density hi for the production of sufficient odours to sustain fly activity. It
is this portion of host density that supports and brings about an increase in the fly population.
Therefore, whenever (A4.2.78) is satisfied, the various conditions presented above will always be
met and in that respect the minimum eigenvalues Aq < 0 and from (A 4.2.39) the fly population
will take off.
Our findings that fly population will increase with increasing host numbers concurs with results
from field research. Tsetse dies are not passive hunters in that they do not wait for accidental
hosts to pass by [71, 72, 86, 95], they are active seekers and when hosts are in abundance and
conditions are right their population shoots up phenomenally. This increase in population is
not just from the birth and death processes but also from migratory populations that move
in because of being attracted by increased odour concentrations [81, 84, 85, 96, 101, 193, 194,
204, 226]. Tsetse dies do not search for hosts haphazardly, Randolph et al. [98] reported that
there is a very high chance (89%) that tsetse dies will dnd a host once they embark on looking
for one. This high certainty of obtaining a meal once they have found a host, coupled with the
dy’s sophisticated system of locating hosts, allows dies to delay feeding for as long as possible
after their previous meal.
The assumption that traps are identical is a logical consequence of the trapping model used
(5.3.3) and deld reality where experimentation on the effectiveness of traps has been done using
latin square design which is supposed to eliminate within and between traps differences [96,
146, 250]. An important assumption we made in constructing the trapping model (5.3.3) is
that the odour concentration at the trap point of release is very large hence the use of Dirac-J
function (5.3.1a) to represent odour concentration at trap location.
In determining the limiting case of the one-trap solution, we made use of a free-parameter,
Ao(e), that appears in (A5.1.7a). This parameter enabled us to incorporate an important deld
reality whereby odours produced by host and traps are cumulative in the downwind direction
taking into account odour decay. To consider traps alone without bringing in the host effects as
previously done by Dransdeld et al. [146, 182] and Williams et al. [81] is to ignore an important
reality. Traps are usually placed where cattle are or in the vicinity of cattle pastures and not just
by themselves. Some of our solutions, and in particular the equilibrium odour concentration
at the trap given by the well-behaved equation (5.4.1) shows the additive component of host
odour through the term a n —
The cornerstone of the analysis of the one-trap spatial model (5.3.4) was the assumption that
the limiting value of the potential function V{ x) > 0. Therefore, from the separation of solution
given by (A5.4.1), we needed to look for suitable trapping conditions that will make the limiting
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case of the fly rate of growth, A > 0. Focusing on the minimum eigenvalue enabled us to apply
the Rayleigh-Ritz method which yielded (A5.4.12b). The asymptotic solution of (A5.4.12b)
yielded (A5.5.2n) and (A5.5.31) which implies that the traps rate of odour release, fir is suf
ficiently large, and this makes it difficult to obtain a good lower bound for

h t

-

However, the

main unsatisfactory feature is that (A5.5.2n) is not a very good estimate. It would have been
preferable to relate an estimate for the necessary size of fir to conditions previously obtained
for the fly population to be viable without trapping.
The trap is contained in sector C3 (Figure 5.1), therefore the assumption that V{ x\ e) —> V{x)
as 6

0 does not hold because V{x\ £) ~ j . Hence, asymptotic solution of (5.6.3) provided

us with more conditions for A > 0 that culminated with (A5.6.15) which gives us a simple
relationship that links fly mortality due to trapping

{ v t ),

traps rate of odour release {fir), flys

rate of diffusion (Dyy), odour rate of diffusion { Dc ) and measure of conditional association
between fly and odour {(3).

Out of the relationship (A5.5.3), we computed two important

parameters that can easily be integrated into a tsetse control programme

-

the ^‘r equired

trap efficien cÿ\ Q (A5.6.17a) which is same as (5.5.4a) and the ^'‘actual trap efficienci/\ Q t
(A5.6.17b) which is same as (5.5.4b).
The ^''required trap efficienci/^ (Q) is a quality that is fly-odour specific. This quantity is com
puted from fly-odour parameters such as fly-odour measure of association (/?), fly rate of dif
fusion {Djsf) and odour rate of diffusion {Dc)- This value gives us a minimum trap efficiency
that has to be surpassed for eventual fly suppression. The

actual trap efficienci/^ ( ^ t ) is a

quality that is trap specific. It is a ratio that is obtained from readily available trap parameters,
namely, the mortality rate due to trapping

{v t )

that is computed from the trap catches over

time and traps rate of odour release {i^t)- A given trap as a ^'‘killer h o s f must have an actual
trap efficienci/^ ( ^ t ) that surpasses its '"''required trap ejftciencif (Q) for trapping in a control
programme to have any noticeable effects on tsetse population. We can therefore conclude that
if D t > D then trap is effective, if Q t = D then trap is on borderline and if Q t < D, then trap
is not effective.
Traps on the borderline {D r — D) can hopefully be improved with minor changes, but ineffective
{Çlr < ^ ) traps points to the presence of major flaws either in design or some other important
factor. This will call for some major review of the whole design process. In addition to what
we said about quantifying trap efficiency by use of electric net methods [187, 191, 209], several
other field experiments have been carried out to verify the efficacy of traps for controlling tsetse
populations [81, 92, 96, 146, 148, 182, 204]. In an attem pt to quantify the efficiency of traps
from field experiments, Williams et al. [81] used odour baited traps and unbaited traps as a
control, they showed that it is more economical to use odour baited traps than unbaited traps
because baited traps cover larger areas than unbaited ones for same number of traps.
On the assumption that the radius of attraction for baited traps is 100 m, the found that 1.9
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traps per km~^, or a mean trap spacing of about 720 m would be required to achieve a 99.99%
reduction in 1 year. They also observed that if we assume the radius of attraction for unbaited
traps is 10 m, then 190 traps per km“ ^, or a mean trap spacing of about 72 m would be
required to achieve the same level of eradication as the baited traps. They noted that under
these conditions unbaited traps would not offer an economically viable method of control over
a large area no matter how mobile the fly.
While trap catches are the ultimate goal of any tsetse trap, what we have shown is that with
prior information we can set a lower bound (A5.6.16c) that any prospective tsetse trap must
achieve even before setting it up in the field. This is an approach that has not been tried
before by previous workers who only relied on trap catches. However, there are some features
inherent in the trap or acquired such as its physical design, material used for construction, local
environmental conditions and traps spatial location which influences a traps effectiveness but
are not explicitly accounted for by (A5.6.15). Accounting for these features in the trap by using
single measurements is not easy and may not be practicable.
It is logical to assume that a trap with a high trapping mortality,

vt,

can be said to have some

‘attractive features’ which are a sum total of qualitative and quantitative measures that flies
find attractive in a ‘host’. Save for the few measurements given, it is difficult to give the sum
total of all ‘attractive features’ that a fly finds in a given ‘host’. What we have pointed out
is that there is plenty of work to be done for the future, in particular the need for efficient
traps. We hope that this can be improved upon and better methods formulated on how to
estimate parameters such as ^measures of association’ much more efficiently which are essential
but difficult to measure or quantify in a simpler way.
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PART II

N on-m igrant vectors (tri-phasic ticks):
M odelling th e reproductive cap acity o f th e tick
species

R h ip ic e p h a lu s a p p e n d ic u la tu s
(N eum ann, 1910)
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Chapter 7
THE TRI-PHASIC TICK {A carina Ixodidae spp.)
7.0 Introduction
Chapter 7 examines the basic tick biology essential to the modelling process, in particular,
we focus on tick reproductive process that is closely linked to its success in the various life
development stages of finding a host, engorging, moulting and egg laying. I give host resistance
and mechanism for quantifying it special treatment as it is possible to control tick population
by boosting host resistance levels, similar to what has been done in Australia.
My emphasis is on an all inclusive measure that captures the totality of tick feeding by looking
at tick load numbers and critical post-feeding tick parameters. As this measure is to be derived
from mathematical models, I present a review of past work done in modelling tick populations
and the various procedures used to control tick populations. Because of ticks resistance to
acaricides, I focus on host resistance by borrowing a leaf from the Australian experience as an
area that needs to be developed as a tick control alternative in sub-Saharan Africa (SSA).

7.1 Basic features of ticks
Ticks are a sub-order of the Acarina known as the Ixodida [2].

Ticks are all parasitic on

vertebrate animals and can feed only on such hosts [273]. They spend longs periods away from
their hosts, amongst vegetation or in cracks in soil, crevices or buildings. Thus they are highly
adapted for survival without food and many are resistant to desiccation . The outer layer,
known as integument, is waterproofed with wax [273]. Ticks are divided into two families, the
“/xodzdae” or hard ticks and the “Arçaszdae” or soft ticks.
The hard ticks (Figure 7.1) have a hard shiny scutum like a shield on the dorsal surface and in
the males this covers most of the dorsal surface of the tick. The soft ticks (Figure 7.2) do not
have this hard scutum, but their integument is not soft in the usual sense, it is very tough and
of rough texture [273].
Ticks (both Ixodidae - hard ticks, and Argasidae - soft ticks) play an important role as vectors
of diseeises. Ticks are the most important ectoparasites of livestock in tropical and sub-tropical
areas, and are responsible for severe economic losses both through the direct effects of blood
sucking which over time weakens the host because the animals are burdened by irritating tick
bites and hence spends considerable its own feeding time trying to get rid of the infesting ticks
by rubbing the affected parts on tree stumps, and indirectly as vectors of pathogens and toxins.
The major losses caused by ticks are due to their ability to transmit pathogenic agents of
domestic animals and of humans (e.g. viruses, protozoans and a host of other disease causing
micro-organisms) [33]. Modern medicine and improvements in living standards has to some
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Figure 7.1: Hard ticks with visible mouth parts in front of the body. All stages have adhesive
pulvilli on the legs, the spiracle is large and behind the fourth leg [273].

extent brought under control human diseases transm itted by ticks. However, those transm itted
to dom estic cattle are still a major problem in developing countries where tick-borne protozoan
diseases (e.g. theileriosis and babesiosis), rickettsial diseases (e.g. anaplasmoses and cowdriosis)
and bacterial disease (e.g.

derrnatophilosis) are major health and management problems of

livestock [33, 273, 274].
Over 70 tick species have been identified from various animal species in sub-Saharan Africa
(SSA) with Rhipicephalus appendiculatus, Boophilus microplus, B. decolaratus and Amhlyoma
varyegaturn being the most predominant species that also transm it several tick-borne diseases
to cattle such as richettsia, tularemia, borreliae, anaplasmosis, babesiosis (redwater), cowdriosis
(heartwater) and theleriosis (East Coast Fever) [33, 34, 35, 36, 37, 38, 41, 275, 276].
Of the above tick-borne diseases, theileriosis which is also called East Coast Fever (ECF),
caused by the haerna-protozoan parasite Theileria parva (Piroplasrnida:

Theileriidae), and

whose main vector of transmission is the brown ear tick R. appendiculatus Neumann (Figure
7.3), is econom ically the most important disease due to its widespread in many parts of SSA
(Figure 7.8) and the adverse effects theileriosis has on livestock cattle [34, 42, 43, 277].
Host availability does not determine the broadscale distribution of African ticks in a presence-

251

ro-jgH mreguntrf
2.5^ü!

g e i i f a i por

ip l r a c l e

tfh Ifo
(a)

S 3 F T Tl CK

i c r jal ICrfitthcdoros)

(b)

SO F T Tl CK f« s a l e , v t n f r a l [ O m U ^ î d o r o î )

Figure 7.2: Soft, ticks have mouth parts ventral (except some larvae), the nymphs and adults
have no pulvilli, the spiracle is small except for the genital pore [273].

absence sense; it may be important at smaller scales in determining tick abundance [278]. In
other words, the presence or absence of a particular host species does not define the species
ranges of m ost African ticks [278]. In this context it is possible that the hosts affect the overall
survival of tick populations that are already stressed by some other factor. The numbers and
daily movements of suitable hosts are likely to introduce heterogeneity into tick distributions
at smaller scales [278]. Adult males do not feed whereas the females have a single generation
lifespan since once they have fed they die after laying eggs [33]. Death can also occur before
or during the laying of eggs due to adverse abiotic conditions or from poor nutritional status
[219, 248, 279].

7.2 General tick life-cycles
The estim ated total life cycle duration is about 9 months and is independent on th e calendar
year save for the brief dry season which imposes a marked increase in mortality once a year
[248]. The tick is said to be in the '‘‘free-living’'' phase if it is ‘off-host’ either waiting for a host
to attach to or undergoing various stages of development, and it is in the "parasitic” phase
if it is ‘on-host’, attached to the host and feeding on a meal of blood from the host during
the various stages of its development. The basic life cycle pattern (Figure 7.4) is the same for
every tick species. A hexapod larva hatches from the egg and develops into an octopod nymph
before it m oults into an adult, male or female. Each developmental step depends on it taking
a bloodrneal, followed in the immature stages by m oulting [33].
The Argasidae or soft ticks are short feeders (from minutes to I hour). Their life-cycle is poly-
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Mouth parts are short and the basis capituli has a

six-sided shape. R. appendiculatus is notorious as the vector of Theileria parva causing East
Coast Fever in cattle. R. appendiculatus and R.pulchellus transm it Theileria taurotragi to cattle
[273].

phasic (Figure 7.4) with many nymphal instars. Females may feed several times and lay eggs
after each blood meal, dying after laying five to seven batches of eggs [33], whereas the Ixodidae
or hard ticks are long feeders (4 to 7 days). Their life cycle can be tri-, di-, or monophasic (Figure
7.4). Monophasic ticks attach to a liost as larvae and do not leave it before being fully engorged
as adults (Figure 7.4). They feed three times and moult twice on the same host. Diphasic ticks
leave their host as engorged nymphs. Adults have to find a new host (Figure 7.4).
Tri-phasic ticks leave their host after each blood meal (Figure 7.5). M oulting and egg-laying
occur while the ticks are free living (off-host). In both cases females die after laying one batch
of eggs which may consists of thousands of individual eggs.

7.3 The tick species R. appendiculatus Neumann
7.3.1 F eed in g and p h ase a c tiv ity
The feeding and phase activity are closely linked together. The species R. appendiculatus or
som etim es called brown ear tick (Figure 7.3) is a 3-host tri-phasic tick whose life cycle consists
of three post embryonic development stages at the larval, nymphal and adult stages (Figure
7.5). Each stage can be subdivided in turn into substages according to three sequential phases
of activity: '•'■questing'', in which the unfed tick seeks a host and attaches to it; ''■feeding", in
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Figure 7.4: Life cycle of ticks, botli Ixodidae and Argasidae [33].

which the attached tick feeds, becomes engorged and then drops off; and “riene/optinç” , in which
the detached engorged tick develops to emergence as a questing tick of the next stage or lays
eggs in the case of female adults [281]. During each substage, a tick has some probability of
dying before passing to the next substage, R. appendiculatus must seek a new host during each
of the three main stages (larval, nymphal and adult) of its life cycle.
In nature, large number of ticks commonly feed in close proximity to each other because: (i)
ixodid ticks have prolonged bloodrneals lasting several days (imm atures) or even weeks (adults),
allowing overlapping, feeding periods, and thus simultaneous feeding ticks; (ii) the typically
overdispersed distribution of ticks on their hosts results in a significant proportion of the host
population carrying large numbers of ticks feeding together, and (hi) ticks show marked speciesand stage-specific predilection for different parts of the h ost’s body as feeding sites. Thus, ticks
feed repeatedly at the same site [282]. The R. appendiculatus tick prefers the region around
neck close to the ear, hence the name brown ear tick.
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Ecological Processes

Flow Chart of Life Stages
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Figure 7.5: The life cycle of 3-host, ticks, showing the ecological processes in each phase. Onehost ticks undergo the same processes in the egg and larval stages, but the engorged larvae
remain on the host, moult twice and detach as fully fed adults [280]. Note: T he hosts fed on
at different stages of tick development need not be of the same type or species.

7 .3 .2 D e te c tio n o f h o st anim als
Tukahirwa [283] reported that ‘taller grass’ (Figure 7.6) provided a safer habitat for this tick
species with cattle acquiring most of the tick load from this habitat. The host finding phase
com mences after moulting after the exoskeleton of each instar has hardened to allow locomotion
[280]. W hen an instar is in need of feeding it perches itself on tall grass (Figure 7.6) where it
can attach itself to pasturing herbivores. Wikel [284] pointed out ticks detects the presence of
a host from the host’s bodily exudates and in particular carbon dioxide from the animal pores.
Successful attachm ent to a host is dependent on several factors such as prevailing weather
conditions, vegetation, tick activity, survival rate of instar, tick density, stocking density, pick
up efficiency, evasive behaviour of hosts at high tick density and host resistance [41, 56, 57, 277,
280, 283, 285, 286, 287, 288].

7 .3 .3 E ffects o f en v iro n m en ta l co n d itio n s
T he developmental stages in its life cycle are wholly dependent on environmental conditions
(Table 7.1) of temperature and humidity, with temperature being the deciding factor in rates
o f development and relative humidity influencing survival rates [219, 283, 285, 286, 289, 290].
Branagan [286] reported that eggs were very sensitive to aridity with any value below a humidity
of 40% being lethal to the survival of eggs. Randolph [219] indicated that the most important
environmental factor was the night-time minimum temperature which determines condensation
and saturation deficit and thus the tick’s ability to replenish moisture lost during the daytime
and hence to survive while questing for hosts, with the larval stage and especially the unfed
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ones being the most susceptible to desicating conditions. Randolph [219] further noted that
questing larvae lose water more rapidly because their surface area to volume is least favourable,
i.e.

they are smaller.

W hat is generally agreed is that rate of development, which ultimately influences generation
time of the tick species, is temperature dependent with eggs being more vulnerable, followed by
larvae, nymphs and flnally adults in that order [248, 283, 291, 292]. This tick species requires a
humid micro-climate for survival during the “çuesim ^’ stages [273]. Randolph [248] observed
that development rate, including rate of egg-production, declines with falling temperatures, but
the fecundity (total egg-production), although reduced by extremes of temperature, does not
vary much within the temperature range normally encountered by oviposting females (Table
7.1). She further noted that soil moisture rather than rainfall is almost certainly the critical
factor affecting egg survival.
Since tick development is temperature dependent (Table 7.1), then in cases where there is
considerable seasonal variation one of the tick’s adaptations to this seasonally variable climate
is diapause. Randolph [279] reported that at certain times of the year, adult R. appendiculatus
in southern Africa do not quest as soon as they emerge and harden off, but undergo a period of
quiescence that is thought to be controlled by varying day length. Based on fleld trials in South
Africa, Randolph [279] reported that mortality indices are strongly correlated with particular
climatic factors for different sites.
She further noted that the pan-African pattern is one of different limiting factors under different
climatic conditions; only where it is coolest is temperature directly related to mortality rates,
otherwise moisture is the limiting factor. Moisture availability appears to be critical for tick
survival rate, although mortality is highest where it is both too dry and too wet, while in the
coolest areas low minimum temperatures are the limiting factors [293].

7.4 Effects and impact of tick load on host
Besides ticks (both Ixodidae - hard ticks, and Argasidae - soft ticks) playing an important role
as vectors of diseases, they are also responsible for severe economic losses both through the
direct effects of blood sucking and indirectly as vectors of pathogens and toxins. Losses in
livestock productivity caused by ticks and tick-borne diseases are well documented [68, 70, 275,
294, 295, 296, 297]. Feeding by large number of ticks causes massive losses to farmers that are
characterized by among other things a reduction in animal growth, reproductive capacity, milk
yield, live-weight gain, calf-weaning weight and an increase in anaemia. In growing calves, a
single engorging female tick produces a growth decrement of 0.6-10.0 gm, depending on tick
species, amounting to an annual loss of up to 3.1 kg per engorging tick per year [55].
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T a b le 7.1: M e a n d e v e lo p m e n t o p tim a l c o n d itio n s for tic k in sta r s [286, 289, 298, 299].

Condition:

Pre-oviposition

O vip osition

Pre-eclosion

Survival

Period:

T em perature:

H um idity:

(D ays)

(°C )

(%)

6.18-12.74

18-25

85-87 *

1.6-12.1

18-22

40-50 * * 2

24-40

18-25

85-87 *

20

30-37

10-30 **1

48

18-22

40-50 **2

29.3-71.8

18-25

85-87 *

12

30-37

10-30 * * \

60

18-22

40-50 **2

175 (m ax. 240)

12-20

***3

4-5

12-20

***3

(unfed larvae)
Larvae feeds
Larvae to nym ph

11.9-34.3

18-25

20-85

(m oulting +

8

30-37

10-30 **1

*

hardening)

28

18-22

40-50 **2

Survival

360 (m ax. 540)

12-20

***3

5-6

12-20

***3

(unfed nym phs)
N ym ph feeds
N ym ph to adult

18.16-64.19(-H)

18-25

20-85 *

(m oultin g +

16.5-56.5(-H -)

18-25

20-85 *

12

30-37

10-30 *+l

52

18-22

40-50 **2

Survival

420 (m ax. 720)

12-20

***3

(unfed adults)

more females

12-20

***3

hardening)

at > 2 7 0
A dult feeds

7-9

- laboratory experim ent

**1

field experim ent (h ot and dry)

**2

- field experim ent (cool and dry)

**3

field experim ent (variable conditions)

(+ )

- m ales

(H—h)

fem ales

*

A light or moderate parasite load might not noticeably impact a healthy, well-fed, but in times of
physiological demands, such as lactating, fighting with conspecific, or escaping from a predator,
even a light tick load could compromise relative fitness [300].

There is also an increase in

mortality and morbidity from the disease pathogens [295], and a deterioration in the quality of
hide due to its disfigurement from tick bites [275], which also provide entry sites for secondary
infections such as myasis due to the larvae of screw-worm files {Chrysomya bezziana) [55]. The
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adverse effects which theileriosis has on livestock cattle [34, 42, 43, 277], are widespread in
many parts of SSA (Figure 7.7).

Figure 7.7: T he observed distribution of R. appendiculatus (||||) alone and with T. parva (= )
in sub-Saharan Africa (SSA). The areas of black patches are proportional to predicted climatic
favourability for R. appendiculatus [276].

T he economic losses are massive [3, 37, 47, 301], Mkandiwire [37] estim ated that of all cattle
deaths caused by tick-borne diseases, ECF is responsible for 59% of total deaths. Larvae and
nymphs of R. appen diculatus cause negligible loss in live-weight gain in both the resistant
indigenous cattle such as Nkoni or the exotic B. taurus^ but adult ticks have a severe effect on
B. tauTus cattle, and their effect is exacerbated by secondary infections w ith screw-worrn fiies
[55], despite the fact that the ratio of questing adults to the other instars is usually very low.
Randolph [248] estim ated that questing larvae, nymphs and adults counted at Lake Mcllwaine
in Zimbabwe were in the ratio of 370:33:1 respectively. On the average, susceptible animals
experience a loss in live weight gain of 5-15 kg per year [55, 302, 303], with a proportionate loss
of milk yield expected from lactating animals. Other than being resistant to tick infestations,
indigenous cattle minimize damage by preventing a very large proportion of the ticks from
feeding by avoidance of dense clumps of adult R. appendiculatus which are easily visible on the
tips of vegetation by their dark pigmentation [55, 283].
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Besides the diseases that they transmit, with their powerful mouth parts, ticks damage the
skin which lead to reductions in leather quality [47].

Moreover, every tick bite facilitates

secondary infections (bacterioses, mycoses, maggot infestations), especially in the tropics, and
this aggravates the damage. Ticks consume 1 to 3 ml of blood in the course of a complete life
cycle. Where there is mass infestation, the host animals consequently suffer from anemia and
nervousness which results in meat and milk production [47].
Medley [304] reported that the presence of T. parva and R. appendiculatus makes the upgrad
ing of cattle from resistant but relatively unproductive zebus to more productive zebu/taurine
crosses and exotic species impossible without intensive acaricide application.

They further

observed that there are losses due to T. parva infection which even when it does not cause
appreciable mortality and morbidity, reduces the growth rate and productivity of infected ani
mals, and quoting [3, 301], they noted that the regional economic loss due to T. parva infections
estimated to be in order of US$168 million.

7.5 Host immunological response to tick load
Haematophagus arthropods such as ticks Acarina Ixodidae

spp.

are faced with a complex

array of host responses that can inhibit bloodmeal acquisition, with the host haemostatic and
immune defence mechanism reducing available blood for ingestion [59, 305]. The host immune
defenses (antibodies and specifically sensitized cells) reactive with tissues and saliva can disrupt
bloodmeal acquisition, impair physiological responses and/or kill the arthropod [59, 61, 284,
306]. Ticks in the parasitic phase are slow feeders that require several days before they are fully
engorged, hence they must be able to cope with the rapid onset of host haemostatic mechanism
[307].
Response patterns and their contribution to the patho-physiology of infestation depend upon
host-arthropod association, history of prior exposure, intensity of infestation, host physiology
and immune response capability of the infected animal [60, 306]. Host resistance to tick infesta
tion is an immune response, since antibodies contribute to the expression of acquired resistance
by both natural and laboratory animals [61, 305]. Tick feeding induces a complex array of host
immune responses involving antigen presenting cells, T lymphocytes, B lymphocytes, antibod
ies, complement, basophils, mast cells, eosinophils and a number of bioactive molecules [44, 59,
60, 61, 63].
The trophic interaction between ticks and their hosts is maintained by a simple host-vector re
lationship at the cutaneous interface. The interaction of the feeding tick with the host immune
system at the cutaneous interface are central to the acquisition and expression of acquired resis
tance. Cutaneous reactions at tick attachment sites on cattle and laboratory animals expressing
acquired resistance are characterized by cutaneous exudates at tick bite-sites consisting mainly
of an intense infiltrate of basophils accompanied by numerous eosinophils [308].
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Non-resistant hosts (susceptibles) do not develop such a cellular infiltrate at tick feeding sites
[309]. Also in resistant hosts, there is an increase at tick bite-sites in the amount of histamines
that prevent tick engorgement [44], and Langerhans cells that trap tick salivary gland antigens
in the skin and function as antigen presenting cells [310]. Host resistance to infesting ticks
is an immunological response [304]. Host genetic composition determines immune response
capabilities with the cross-breed B. indicus genetic composition such as Zebu and N ’dama
being more resistant to tick infestations than the pure exotic bred B. taurus [311].
The number of infesting ticks and life-cycle stage infiuences host immunological and other
antibody responses where feeding adults induce a more intense immunological response than
either nymphal or larval engorgement [312], with larger ticks secreting a significantly greater
fluid volume per minute of saliva [313]. One can visualize how tick feeding over a period of days
can be a target of host immune defenses, with subsequent infestation being more susceptible to
antibodies and other immune effects stimulated by previous exposures [279, 305].
Acquired resistance of hosts to ticks is expressed through certain tick parameters such as reduced
engorgement weight, delayed attachment, prolonged feeding period, delayed drop-off, impaired
production of ova, fewer viable ova, prevention of moulting and death of the feeding tick [305,
314]. Hence host resistance is observed or measured in the context of how efficient ticks are
at feeding on a host, an efficiency that is expressed through values of several tick post-feeding
variables such as number engorged, engorgement weights, feeding period, etc. [277].
Tick feeding efficiency ultimately influences how successful future tick instars will be at surviving
and withstanding adverse conditions, and subsequent production of eggs for future generations.
The process of tick instar feeding first involves attaching itself firmly on to a target host which
can be more susceptible (5) or less susceptible (resistant) (7Z), and secondly piercing the host
skin with its mouth parts (Figures 7.1, 7.3) and then penetrating nearby blood vessels for blood
consumption.
During blood consumption by ticks, there is an exchange of fluids with the host (saliva from the
tick and blood from the host) at the tick-bite sites to facilitate blood uptake. It is during this
exchange of fluids that the tick transmits the pathogenic haema-protozoan parasite T. parva
(Piroplasmida: Theileriidae) in its saliva to the host (Figure 7.8). This disease pathogen is an
apicomplexan parasite that is the aetiological agent of theileriosis which is also known as East
Coast Fever (ECF) [304].
The majority of cattle fed on by ticks are the unimproved indigenous stock of B. indicus type,
with Zebu being the main breed. It has high resistance to tick infestations but is rarely very
productive with extremely low milk yields and meat often of poor quality [41, 43]. Nevertheless,
it can survive under conditions that would be inimical to exotic and grade stock of B. taurus
type for which relatively high levels of expensive management are essential for survival [55].
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Figure 7.8: Modes of pathogen transmissions by hard and soft ticks: (1) viruses - bacteriae,
protozoans, and toxins are transmitted with saliva; (2) rnicrofilarie - transm itted by effraction;
(3) coxal transmission - only by ticks in the Argasidae group. Ixodidae ticks have no coxal
organs; (4) transovarial transmission - occurs in almost all pathogens, with the exception of
Theileria spp. and microfilarie; and (5) transmission can occur via the faeces [33].

The type of host fed on by tick instars and the sequence of feeding greatly influences the tick’s
future reproductive capacity [287, 291]. Feeding on resistant hosts imposes cum ulative stress
on future instars and egg production. These cumulative stresses are such that eggs produced
by adults whose past feeding history involved feeding on resistant hosts experiences more stress
than if it had fed on at least one susceptible host. This stress is manifested by low hatchability
and low survival rates, it is also carried over to the emerging larvae hence reducing their
longevity and chance of finding a potential host to feed on.
Finally the whole tick reproductive capacity is greatly reduced.
Latif et al.

T his view is supported by

[56], who reported that ticks feeding on resistant hosts greatly diminishes the

tick population. The cumulative effect of host resistance on ticks’ feeding sequence and their
reproductive capacity is clearly manifested in the ticks’ developmental stages, in the form
of feeding efficiency, which can be measured by the proportion of the tick population that
successfully moults to the next instar in the case of larvae and nymphs, and egg laying in the
case of adults.

7.6 T ic k s as v e c to rs o f d is e a se s
Ticks transmit the widest variety of pathogens of any blood sucking arthropod, including bac
teria, rickettsia, protozoa, and viruses.

The tick species R. appendiculatus and the disease

parasite T. parva are widely distributed in many parts of SSA (Figure 7.7), and despite the
predominance of Zebu cattle B. indicus as a resistant breed, the adverse effects this tick has
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on cattle are very noticeable [37, 42, 43]. The transmission of the pathogenic haema-protozoan
parasite T. parva in tick saliva (Figure 7.8) to the host takes place during blood meal intake
when these pathogens are released into the blood stream of the host (Figure 7.9).
Though the salivarial route (Figure 7.8) is the most common mode of pathogen transmission for
both Ixodidae and Argasidae ticks, there are other modes of pathogen transmission [33], though
rare such as: stercoral transmission (via the faeces) where hosts pick up the tiny organisms by
inhalation of dust, coxal transmission (via coxal fluid excreted from coxal glands) where the
clear liquid produced after a blood meal may contain some disease micro-organisms (Figures
7.8 and 7.9).
Development of the parasite within the host is illustrated in Figure 7.9. Assuming that the
vector acquires the parasites from an infected host, then explanation of Figure 7.9 is as follows
[315]: The first stage (1) starts at the point of transmission of the parasite from the vertebrate
host to the tick, when the ticks feeds and ingests erythrocytes containing the infective piroplasmic forms. The piroplasms are released into the gut of the tick (2) and transforms into male
and female gametes (3a, 3b). The gametes fuse and penetrate the gut epithelial cells to give
zygotes (4) which grow into ookinetes (5).
Weeks later, when the tick moults from larva to nymph or nymph to adult, the ookinetes
are released from the gut cells into the haemolymph (6) and migrate to the salivary glands.
A number of acini in the salivary gland may each become infected by a single ookinete (7).
The ookinete differentiates into an extensive multinucleated mass known as sporoblast (8)
which eventually produces numerous sporozites (9). On about the fourth day of feeding, the
parasitized acini cells rupture, releasing the infective sporozites into the saliva of the tick (10).
After the tick attaches itself on a vertebrate hosts, the feeding process involves an exchange of
fluids and this is the time that the T. parva parasites gain access to the hosts body from the site
of inoculation at the bite site. The sporozites drain into the lymphatic system of the vertebrate
host where they rapidly penetrate the lymphoid cells (11). The sporozites differentiate into
schizonts (12) (sometimes called macroschizonts) which induces lymphoid cell division. At this
stage the first signs of the disease becomes apparent in the vertebrate. The schizonts produce
merozites (13) which enter the bloodstream and penetrate the erythocytes to form piroplasms
(14-16).
The course of the disease is normally 2-3 weeks. The infected cells spread not only to secondary
lymphoid tissues but also to the thymus and bone marrow and to a variety of nonlymphoid
tissues, being particularly numerous in the lamina propria of the gastrointestinal tract and
the interstitial tissues of the lungs. The disease is characterized by enlargement of superficial
lymph nodes and sustained fever from the time of initial detection of parasites in the regional
lymph nodes. In the terminal stages of the disease, severe pulmonary edema develops causing
respiratory distress and death within 28 days if left untreated [315]. In susceptible cattle exposed
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Figure 7.9: Life cycle of the parasite Theileria parva within tick and bovine host [315]
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to T. parva, morbidity and mortality are approximately 95-100% [41, 274].
For ticks to transmit the disease parasites they have to be infected first [45]. Aeschlimann
[33] and Randolph and Craine [316] reported that tick instars at nymphal and adult stages
can acquire the infection from previous stages by transstadial transmission, where a larva that
is infected during its first blood meal from an infected host transmits the pathogens to the
nymph which then becomes infectious and then to the adult which also becomes infectious,
or by transovarial transmission where the pathogens are passed through the eggs over many
generations so that the emerging larvae acquire the infection from the infected ova, and hence
can pass on the infection to uninfected cattle on first feeding.
On the other hand. Medley et al.

[304] argues that there is no transovarian transmission

and only nymphs and adults are able to transmit the infection which implies that ticks can
only become infected by feeding on infected hosts. However, there is ample evidence [33, 47,
316], that the assumption of non-transovarian transmission of Medley et al. [304] is not valid.
Hence, ticks are not only vectors of this pathogens but are also reservoirs of the pathogens they
transmit.
Fawcett et al [317] reported that the minimum infective dose of T. parva in nature is the product
of one acinar cell containing approximately 40,000 parasites, and it can cause a lethal infection
in cattle. Dallwitz et al. [58] noted that the piroplasm stage of T. parva within the erythrocyte
is only produced 15 or more days after attachment of infected ticks; susceptible ticks completing
feeding before that time do not become infected.
Randolph et al. [282] reported the existence of the newly recognized alternative pathway for
disease transmission, which has both quantitative and qualitative consequences for the epi
demiology of tick-borne diseases. There are certain epidemiological implications given the clear
evidence for the transmission of non-systemic infections, and the natural features of tick-host
interactions that facilitate co-feeding transmission. Non-systemic transmission remains unde
tected by conventional epidemiological protocols, and has not hitherto formed part of the expla
nations for either the mechanism of the patently efficient transmission of tick-borne pathogens,
or the observed patterns of pathogen distribution and disease incidence [282].
The most significant effect of the novel, non-systemic pathway is qualitative, adding to the suite
of reservoir hosts a range of vertebrate species that, for one reason or another, do not develop
systemic infections, and yet contribute significantly to the transmission of tick-borne diseases
[282]. Nobody has yet developed a model that explains the incidence of any tick-borne disease
in terms of the whole complex web of its enzootic cycles. It may now be necessary to take into
account; any host that feeds large numbers of ticks should now be considered a candidate as an
amplifying host [282]. The non-systemic mode of transmission [282] is supported by Sparagano
and Watt [318] who found similar co-feeding infections in the adult stages of the tri-phasic
tick species R. appendiculatus where engorged adult ticks dropped off from calves with a rising
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parasitaemia of 0.2% due to T. parva, the agent for East Coast fever (ECF) [318].

7.7 Use of resistant cattle to control tick populations and
tick-borne diseases (TBD)
7.7 .1 C a n w e u se r e sista n t c a ttle to co n tro l th e ile r io sis?
It is widely accepted that theileriosis (East Coast Fever) is the second most important parasitic
disease of cattle in Africa after trypanosomiasis [274]. Hence, its control and prevention, where
possible, is of utmost importance. Prevention of ECF is largely dependent upon control of tick
infestations. The success of tick-resistant cattle has been demonstrated in Australia [54, 55,
319, 320].
Host resistance is possibly one of the single most important factors that influences the tick
load on a host. Latif et al. [56, 57], reported that host resistance regulated populations of
B. microplus in the field.

They further noted that when resistant cattle grazed paddocks

artificially infested with R. appendiculatus for more than a year, the tick population diminished
greatly compared with paddocks with hosts of low resistant. Clearly, other than the use of
acaricides, immunological methods to induce resistance are an attractive way to kill ticks [45,
50].

Therefore, use of resistant cattle is the most cost effective way of sustaining low tick

populations.
Cattle can acquire resistance to ticks in three ways:
1). through artificial immunization, though this has not proved possible on a wide scale due to
practical limitations;
2). after exposure of cattle to ticks;
3). cross-breeding the exotic susceptible stock B. taurus with the resistant stock B. indicus.
The second and third methods are more cost effective and they can be done on a wide scale.
Though initially the third method might be expensive because of the costs incurred in acquiring
and protecting the susceptible breeds, there will be long term benefits through improvement in
cattle productivity while retaining the resistant status of the native Zebu stock B. indicus.
There are other methods that are used to control theileriosis with varied levels of success, such
as use of: acaricides [274, 285, 294, 304]; drugs [274]; infection and treatment immunization
[304] and antigen vaccines [304]. Clearly, there is a linkage between resistance and host immune
system, because the central role of resistance is in stopping the tick’s ability to acquire a
full bloodmeal and transmit disease pathogens is a primary objective and thus tick proteins
involved in modulation of host hemostatic defense are regarded as potential target for tick
vaccine antigens [62].
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Acquisition of the bloodmeal is central towards the role of ticks as successful vectors of animal
disease pathogens and it is the goal of most tick vaccine development studies to attem pt to stop
ticks from feeding to repletion. Unfortunately, the molecular-biological aspects of bloodmeal
acquisition by ticks remains largely uncharacterized. It will be of great interest to undertake
molecular biology studies of the tick vector for us to understand and establish the molecular
basis of tick-host interactions. Advances in this area will lead to development of the much
needed immunological tick control methods [62].
The tick-borne disease East Coast Fever (ECF) caused by Theileria parva, occurs together with
trypanosomosis on the Kenya Coast and other parts of the Rift Valley where beef cattle form
the main economic backbone [8]. In addressing the question as to what extent trypanotolerance
trait in cattle in East Africa can be exploited in the face of tick challenge, studies by Mwangi et
al. [8] found that cattle breeds such as Maasai Zebu and Orma Boran that are trypanotolerant
also have a greater resistance to tick infestation than the other two breeds of cattle, Galana
Boran and Friesian which also have lower trypanotolerance.
For now, it is the use of resistant animals that offers the best hope to control tick population,
also this approach is important from our point of view, because the dynamics of the tick-host
relationship are at the centre of our investigations. Before we outline the aspect that we want
to focus on, let us briefly examine the Australian experience and then relate it to what we want
to accomplish.

7 .7 .2 T h e A u str a lia n e x p e r ie n c e o f c o n tro llin g tic k s p e c ie s B. microplus b y u se o f
r e sis ta n t c a ttle
The Australian tick control program has been said to be a major success [50, 53]. Its success is
because, unlike African situations that have a multitude of tick species and several important
tick-borne diseases (TBD), Australia has a single species of one-host ticks, the B. microplus.
However, B. microplus is undoubtedly the most difficult tick to control because the development
of resistance to acaricides has proven inevitable. The integrated pest management approach
used in Australian was based mainly on maximum host resistance and minimal use of acaricides
[53],
Based on a series of experiments on the effects of B. microplus on cattle, Sutherst et al. [319,
320, 321, 322, 323, 324, 325] arrived at the conclusion that improved host resistance is the
single most important tool for controlling tick populations and TBD. The mortality of parasitic
ticks on B. indicus x B. taurus steers which have acquired their resistance is density-dependent
when artificial infestations are applied at 14-day intervals [321]. Sutherst et al. [322] observed
that animals grazing native pastures, with poor quality feed in late-autumn and winter, suffered
substantial losses of resistance.
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They advanced a hypothesis that the primary cause of the seasonal loss of resistance is the
hosts’ physiological response to shortening photoperiod. Recovery of resistance is spontaneous
once some adaptation to winter conditions has been completed, usually around the time of
the winter solstice. Nutritional stress accentuates the loss of resistance and delays its recovery
[322]. The development of large reactions to tick bites during recovery of resistance confirms
that there are physiological changes occuring in the host. These reactions suggest that there
may be an increase in the release of histamine related to rejection of B. microplus [322].
On the ecology of cattle tick B. microplus, Sutherst et al.

[319] found that engorged ticks

produced more larvae throughout the year despite laying fewer eggs, and that at any location the
major determinant of population size of the tick is the resistance status of its cattle host [323].
The B. indicus quantity or ^zebu contend of cattle is the most important factor determining
their resistance level [319]. However, resistance varies with season and nutrition [322]. There
is also significant variation in resistance from year to year which can have a marked effect on
the size of tick population [323].
While investigating the resistance of diflFerent breeds of cattle to tick species B. microplus,
Suherst et al. [320] observed that the resistance of cattle to B. microplus varies with cattle
breed, sex, age and lactation and with season and nutrition. The expression of host resistance
to B. microplus is subject to the influence of many environmental and animal factors. Despite
that, animal breed is still by far the most important effect, and dilution of B. indicus genes i.e.
^zebu contenV leads to marked increase in survival rates of ticks on cattle [320].
Experimental results has shown that cattle grazing behaviour regulates tick populations whereby
cattle hosts detects and avoids high densities of larvae in pastures [325]. Studies done elsewhere
has shown that animals manifest different tick lowering behaviours, such as where tick loads
are usually kept to very low levels, primarily by frequent self-grooming [300]. Grooming occurs
in response to an endogenous generator that produces grooming bouts at periodic intervals,
resulting in removal of ticks before they attach and begin to feed, also in the same tick expo
sure environment, animals that groom most have the fewest ticks [300]. Mwangi et al. [326]
reported that increasing light intensity and temperature (0800-1000 hrs) stimulates higher adult
drop-offs, whereas decreasing light intensity and temperature (1600-1800 hrs) promotes higher
nymphal and larval drop-offs.
The Australian approach to tick control has not just involved using resistant animals, but rather
it is cocktail of several combinations that involves: (i) use of strategic acaricide treatment
coupled with, (ii) use of tick-resistant cattle, and (iii) immunization against tick-borne diseases
should be considered as an alternative solution capable of being done in Africa [52]. In the
control of B. microplus in Australia, Norton et al.

[54] observed that the three important

processes in the tick’s life system - development of free-living stages, host-finding and feeding
are used as a basis for the analysis of management options, where host resistance is seen as an
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essential basis for any integrated control approach. It is worth pointing out that while a vaccine
against R. appendiculatus is unavailable at the moment, there is one against B. microplus tick
that is commonly found in Australia [51]. Clearly, an attractive way to control ticks is to use
resistant animals which naturally acquire resistant to ticks [47].

7 .7 .3 Q u a n tita tiv e m ea su r e s o f h o st r e sista n c e
Experiments conducted in Australia by Sutherst et al. [324] to investigate the ecology of tick
species B. microplus found that tick numbers increase exponentially with decreasing B. indicus
content (we will refer to it as ^zebu contenf). Tick numbers built up very rapidly on the B.
taurus cattle and resulted in deaths early in the first season, so the herd was replaced with
animals of 25% ’zebu contenf [324].
In assessing tick infestation on cattle, Solomon and Kaaya [52] noted that visual assessment of
tick infestations on cattle has been found to be highly correlated with previously defined ranks
according to tick counts. This method is more practical for farmers to adopt for selection and
culling of the least resistant animals [52]. However, this is a very subjective method and its
reliability is highly questionable and doubtful. In using visual assessment, some argue that only
the adult stages of ticks are of economic importance and these are easier to recognize on the
animals. Larvae and nymphs, however, which are difficult to sample, have no significant effect
on liveweight gains and can, therefore, be ignored by the farmers [55].
Solomon and Kaaya [52] reported that cross-breed cattle carried more ticks than the indigenous
cattle particularly in the season of high tick activity. The Arssi breed had the highest level
of tick resistance, the Boran occupied the intermediate position and the Boran x Friesian cross
breed was the least tick resistant. Highly resistant cattle such as the local Arssi maintain the
total tick populations at very low levels [52].
The elucidation of features of female engorgement and oviposition is an essential part in the
study of tick life-histories. At the same time, these processes are the primary targets of aca
ricides and the reproductive output is used as a measure of efficacy of acaricidal impact. The
weight of an engorged female, as well as the number of eggs produced by the female, are the
most important variables measured [327, 328]. In most studies, the number of eggs increase
almost linearly with increasing weight of the engorged female, but Uspensky and loffe-Uspensky
[327] showed that this linear relationship is valid only for a limited range of engorged female
weights. The found that the relationship for the entire range of female weights is obviously
non-linear.
The positive correlation between female weight and egg number is a phenomenon found not only
in ixodid ticks, but also in other blood sucking arthropods, and the relationship between body
size and female fecundity is a widespread phenomenon in the animal kingdom [327]. The linear
regression equation

= A 4- B x) where x and y are the respective ‘predictor’ and ‘response’
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variables, and A and B are estimable unknown parameters is widely used in biological literature
for the description of many diflFerent relationships. The interpretation of parameters A and B
will make biological sense only if the value of y makes sense under a; = 0, can the regression be
interpreted biologically [327].
In the Australian model, development of free-living stages, host-finding and feeding are used
as a basis for the analysis of management options, where host resistance is seen as an essential
basis for any integrated control approach. Host finding is expressed as the proportion of larvae
picked up per animal per week (animal“ ^week^), and mean herd resistance is described by
the percentage of attaching larval ticks that mature (% yield); high resistance is therefore
associated with low % yield and vice-versa [54]. Despite the pervasive impact of cattle density
and movement on the cattle tick life system, in most situations it is the effect on host-finding
rate that is likely to have the major impact on tick population dynamics [54].
The heritable resistance level of cattle is largely determined by breed. It is generally accepted
that production losses occur where more than 50% ’'zebu œntenV is incorporated into European
crossbred cattle, except in the hot tropics where greater percentage is advantageous to cope
with the stressful conditions [54].

The tick yield of a herd with 40-50% ’zebu contenf for

instance, can range from 1 to 6% at least, producing equilibrium tick populations ranging from
an insignificant number to over 300000 ticks beast

y e a r i n a sequence of average years.

However, herds should be distinguished not by their ’zebu contenf but in terms of their average
resistance level, expressed as % yield of larvae to adults [54].

7 .7 .4 T h e im p o r ta n c e o f h o st r e sista n ce
Host resistance is likely to provide the cornerstone of future integrated tick control strategies.
The heritable resistance level of cattle is largely determined by breed. It is generally accepted
that production losses occur where more than 50% ’zebu contenf is incorporated into European
crossbred cattle, except in the hot tropics where greater percentage is advantageous to cope
with the stressful conditions [54].
Host resistance to ticks can play a significant role in tick control. In continents other than
Africa, tick resistant cattle can be used to control the major tick species, B. microplus without
causing outbreaks of tick-borne diseases. In Africa, several other parasites including Theileria
parva^ the cause of East Coast Fever (ECF) and other parasites have no detailed understanding
of their epidemiology, and it is not known whether they can establish an endemic, stable and
disease-free situation within cattle populations [58].
Brossard [47, 63] pointed out that the control of ticks and diseases transmitted by ticks is
extremely difficult. Today, the most common prophylactic and therapeutic control measure
against ticks is essentially the use of acaricides [47]. However, there is great interest in the
development of other alternative control measures such as immunological methods that targets

270

vaccine development and enhancing host resistance. While a vaccine against R. appendiculatus
is unavailable at the moment, there is one against B. microplus tick that is commonly found
in Australia [51]. An attractive way to control ticks is to use resistant animals which naturally
acquire resistant to ticks [47].

Acquired resistance to hard ticks (Acari: Ixodidae) may be

expressed in ticks as follows: (i) reduced engorgement weight; (ii) increased duration of feeding;
(iii) decreased number of ova; (iv) reduced viability of ova; and (v) blocked moulting and the
death of engorging ticks [60].
Host grooming is a manifestation of host resistance and is an important factor in limiting tick
infestation. In cattle infected with B. microplus, the release of histamine causes a skin irritation
which leads to increased scratching, in this way, some ectoparasites are actively removed from
the host [47]. Nevertheless, with repeated exposure cattle develop natural acquired immunity
to B. microplus infestation [300]. Mwangi et al. [8] reported that local breeds that have high
levels of trypanotolerance also have high levels of resistant to tick infestations. Clearly, this
finding vindicates our decision to study tsetse and ticks together.
Mwangi et al. [8] studies showed that some B. indicus cattle breeds in East Africa such as
the Orma Boran and Maasai Zebu have a degree of trypanotolerance worth exploitation by
their introduction into trypanosomosis endemic areas where other cattle breeds cannot survive.
However, in most areas of East Africa, trypanosomosis, ticks and tick-borne diseases occur
together. They observed that susceptibility of cattle breeds to tick infestation and tick-borne
diseases for both R. appendiculatus and B. decolaratus increased in the order, Maasai Zebu,
Orma Boran, Galana Boran and Friesian.
Clearly, the evolution of tick resistance to acaricides has been a major determinant of the need
for new products. There are presently two available methods that rely on host immunity to con
trol ticks; vaccines and cattle breed-associated naturally acquired resistance to tick infestations
[48, 49]. The present state of affairs demands stocking with cattle that acquire pronounced
resistance to ticks, however, using recombinant antigen anti-tick vaccines is a future possibility
that should be explored [48].
Besides using resistant animals, certain steps should be taken that will boost and sustain animal
resistance such as providing quality nutrition and pasture. Host management can be another
useful component of an integrated tick management strategy whereby, lowering the stocking
rate of cattle can lower tick population growth rates by reducing the overall host-finding rate of
ticks [48]. Despite the present trend where most cattle producers rely completely on acaricides
to control ticks on their livestock [48], tick-resistant cattle breeds may become major factors in
the formula for future tick control programs.
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7.8 Models of R. appendiculatus
From previous work done on modelling the dynamics of

we notice that tick

R . app en d icu la tu s,

modelling activity can be divided into three parts: (1) Modelling tick distributions; (2) Mod
elling parasite (T.

parva)

and host interactions; and (3) Modelling vector

{R . a p p en d icu la tu s)

and host interactions.

7 .8 .1 M o d e llin g tic k d istr ib u tio n s
Several tick distribution models have been developed and converted into integrated computer
models as management tools that are designed for investigating

R . a p p e n d ic u la tu s

populations,

the disease East Cost Fever (ECF) and its control. Many tick researchers have used this pro
grams, we indicate some of these programs and the papers referring to the programs, the authors
of the paper might not necessarily be the original creators of the programs. The programs are:
CLIMEX [276, 329]; BIOCLIM [248]; T 3H 0ST [280]; ECFXPERT [315] and RaPOP [293].
These programs are essentially data driven computer simulation programs that generate some
tick parameter values when certain ecological and climatic data are inputted. Despite the above
models having their own limitations in predicting geographical distributions or seasonal dynam
ics of

R . app en d icu la tu s,

there is always room for improvement such as increasing the precision

of the predictions by using higher resolution interpolated climatic databases [219].
Randolph [219] reported that a new approach to modelling tick distribution is to use data de
rived from meteorological satellites to map suitable habitats for arthropod vectors. Specifically,
the Normalized Difference Vegetation Index (NDVI) calculated from the advanced very high
resolution radio-meter (AVHRR) data from the National Oceanic and Atmospheric Adminis
tration (NO A A) meteorological satellites quantifies the level of photosynthetic activity of the
vegetation. By use of statistical analyzes, vegetational changes monitored by the satellites has
been compared to

R . a p p en d icu la tu s

distribution and so far the results are very promising [220].

There is a close correlation between satellite data and important biological variables of vector
populations such as population density, mortality rates and physical size of the adults [247, 330].
Using climate data, satellite imagery and statistical analysis, Randolph [219] reported that the
most important environmental factor affecting seasonal abundance of R .

a p p en d icu la tu s

is night

time minimum temperature which determines condensation and saturation deficits and thus the
ticks’ ability to replenish moisture lost during daytime and so survive while questing for hosts.
In modelling the population dynamics and density-dependent mortalities of

R . a p p en d icu la tu s,

Randolph [248] observed that the most vulnerable stage in a tick’s life is the stage from female to
larvae and specifically the development of the eggs, which is most sensitive to abiotic conditions
such as low rainfall or low relative humidity. The survival of the most vulnerable life stages are
critical in determining the seasonal dynamics of ticks in seasonally dry areas.
In looking at abiotic and biotic determinants of the seasonal dynamics of the tick

R. appen-
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d ic u la tu s,

Randolph [279] made use of existing information and showed for the first time that

tick development is temperature dependent with density dependence playing an important role
in the population dynamics of

R . ap p en d icu la tu s

and with this density dependency being influ

enced by host’s immune response. Hence, in a system dominated by density dependence then
one of the predictors will be the density of ticks themselves.

7 .8 .2 M o d e llin g p a r a site
Medley

e t al.

{T . parva)

and h o st in te r a c tio n s

[304] constructed possibly the first detailed mathematical model to quantify

the transmission dynamics of

T. p a r v a

in eastern Africa. The model constructed was a non-

autonomous linear system of time-delay ordinary differential equations having the general form

=

F (X ,t

—t )

(7.8.1)

where X is a vector of state-variables made up of five groups of a cohort of calves born into an
endemic area. The groups were: susceptible to infection, incubating infection, primary/acute
infection in animals that will eventually die, primary/acute infections in animals that will sur
vive, and recovered animals. One of their basic assumptions was that the rate of transmission
is related to the degree of infection in the herd; that is, the rate of infection is directly pro
portional to the rate at which ticks attach themselves to and feed on cattle, the prevalence of
infection in the ticks and the efficiency of transfer of infection from ticks to cattle. The

F

in

(7.8.1) is a real valued function of state variables and r is the pre-latent period (length of time
hosts are exposed to infection).
From the analysis of their model, they estimated that in order to eradicate T.

parva

area where is currently endemic, the number of tick vectors

feeding on an

R . a p p en d icu la tu s

from an

individual host would have to be reduced to one every 30 days. Under field conditions in Africa,
such a low level of tick infestation is difficult to achieve [55]. Thus, what the model does is
to raise the question of whether it is practical and economic to use some current tick control
methods as a primary means of controlling

T. p a rv a

infections. The wisdom of intensive cattle

dipping in Africa has been questioned in recent times, especially following the success of tick
resistant cattle in Australia [53, 55, 320].
Randolph

e t al.

[282] have now shown that pathogen transmission is possible through non-

systemic infection which occurs between infected and uninfected ticks co-feeding in time (in
fected tick’s feeding period) or space (infected tick’s feeding site) in the absence of a systemic
infection. To compare these two modes of infection, they determined several tick-vertebrate
population parameters contained in the

^ r e p r o d u c t i v e n u m ber^ R q ,

the number of infective ticks

yielded from one infected tick bite on a susceptible host, which they computed to be
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Ro

=

e

^ ^

(^ )

(7.8.2)

where t is latent period (days) between the hosts being bitten by an infected tick and becoming
infective; h is host’s daily mortality rate; a is host’s parasite-induced daily mortality rate; i is
daily loss of infectivity in host; (3 is transmission coefficient [from tick to vertebrate {(3r-v)t
from vertebrate to tick

(Pv - t )

and from tick to tick

( P t - t )]', H

is number of hosts; N is

total number of infectible ticks biting per day on total host population and ^ is percentage
interstadial survival of ticks.
From R q (7.8.2), they deduced the following four facts; (1) - once a susceptible host has been
bitten by an infected tick, the probability that it survives long enough to become infective to
other ticks (e~^*) is set by the host’s daily mortality rate, h, and the latent period in days, t\ (2) tick infestation levels vary geographically, seasonally and with host species, but we can compare
the likely fraction of the total tick infestation on any one host ( ^ ) that may acquire infection
via the two pathways; (3) - two factors contribute to the duration of vertebrate infectivity:
the daily rate of loss of infectivity (z) due to recovery, which may be followed by resistance to
further infection through immunity; and the daily mortality rate of the infected host (a), which
may be greater than the uninfected host’s mortality rate (h); and (4) - once an engorged tick
is infected, there is no evidence that its survival {fi) is affected by the nature of the infection,
systemic or non-systemic, in the vertebrate from which it acquired the pathogen.
Clearly, while disease transmission models are important, the interaction of hosts and ticks is
equally important in itself [304]. Randolph and Craine [316] reported that a model of trans
mission of tick-borne disease first requires a model of tick seasonal dynamics. Randolph [279]
further noted that tick population models are the foundation of disease transmission models, a
view widely help by many tick epidemiological modellers.

7 .8 .3 M o d e llin g v e c to r {R. appendiculatus) an d h o st in te r a c tio n s
Most tick population models, including those mentioned in previous parts of this section, are
simulation models rather than analytical models [331]. Hence, it is difficult to carry out further
analysis such as stability analysis and prediction of stable equilibria. These models are data
driven and static in nature save for Medleys’ et al.

[304], which is certainly dynamic and

possibly the one in [293] guessing from what was explained in their paper since a functional
form was not given. Hence, their lack of dynamic features makes it difficulty to carry out the
analytical investigations necessary for a better understanding of the forces at play. For long
term predictions such models are very restrictive. However, these models can not be ignored
as they are very useful in establishing simple parameter estimates that are later used in more
complicated models.
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The RaPOP model [293] is too restrictive by its overtly deterministic nature which does not
take into account the stochastic nature of

R . a p p en d icu la tu s

life-cycle. Like the others, further

analysis of this model is not possible. Randolph [279] pointed out that a generic model must be
able to take account of variable host factors. It is difficult to see how that is reflected in RaPOP
model since one of the assumption of the model is that ticks feed on a constant population of
hosts over time.
Vail

e t al.

[281] formulated an autonomous generalized system of ordinary differential equations

of the population biology of the nymphal stage of the tick species

Ixodes sc a p u la ris

having the

form

?
where X — {V ,

F, D }

-

F (X )

(7.8.3)

being the vector of state variables, with AT=density of questing nymphs,

F = d en sity of feeding nymphs and D =density of developing nymphs. The real valued function
term T'(X) was conjectured from the biology of this species at that stage and contained nymphal
development parameters that are instantaneous per capita rates such as mortalities, host finding,
engorgement and development. This kind of model formulation which is amenable to a variety
of analyzes has also been outlined by several authors [266, 332, 333]. Equation (7.8.3) can be
expanded to include other tick stages such as eggs, larvae and adults.
Mwambi

e t al.

[334] observed that most interaction models of ticks and their hosts are sim

ulations rather than analytical. Analytical models of interactions between brown ear tick
a p p en d icu la tu s)

[R .

with their hosts are rare due to the complexity and lack of information on the

entire stages of ticks life cycles. Mwambi

e t al.

[334] developed an

R . a p p en d icu la tu s

tick model

formulated as a system of linear ordinary differential equations with constant coefficients, in
which they categorized the vector (tick) into discrete number of stage-structured compartments
according to its life cycles.
Similar to what we intend to do, their model [334] stresses that for tick population to thrive,
host abundance and availability is crucial. However, their notion that movement of household
cattle has to be controlled in order to slow the perpetuation of the tick population is not realistic
because most pastoralist communities are always moving in search of pastures and water for
their cattle, and thereby hopefully helping to perpetuate the tick population. A viable solution
to this problem that does not infringe on peoples

^ fr e e d o m o f m o v e m e n f

and which is also

advocated in our model is to use resistance animals to control tick population.
However, they [334] recognize the need for field data if control methods they advocate are to be
adapted to local situations, and also the need to carry out a cost-benefit analysis of the viability
and sustainability of the control programs. More finer details are needed if this model is to
be used for purposes of tick control in a particular area because the model assumes that tick
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population dynamics in any one locality to be constant and also ignores various environmental
factors which we know are extremely important is influencing tick population dynamics. Their
effort is commendable as it fills a small segment of a wider gap that still needs to be filled, in
line with what they point out as to be areas of further research such as modelling host mortality
and infection transmission dynamics.

7.9 Quantifying the amount of ‘zehu c o n t e n f in cattle herds
A major contribution in our tick modelling effort that will become clear in later sections (Chap
ters 8 and 9) is a presentation of a measure to quantify the amount of
The Australians quantified

'"zebu c o n t e n f

^zebu c o n t e n f

in cattle.

as the mean herd resistance by expressing it as %

yield of larvae to adults [54], while others have used parasitic adult count [52]. Parasitic data
is important, in fact one our models (Chapter 8) deals with tick population in their parasitic
phase stage. However, host resistance is an immunological response that is manifested through
the ticks post-feeding parameters and in particular the effects on its reproductive capacity [287,
327].
Therefore, our measure of

^zebu c o n t e n f

which will relate to herd resistance rather than the

resistance of an individual animal, will go beyond the mere counting of parasitic data and
quantify host resistance based how it is manifested by the ticks reproductive capacity that
starts from egg hatching, to larvae, to nymphs, to adults and finally to egg laying. A
co n te n f

'‘z e b u

value that covers all stages of a ticks life-history is likely to provide a more realistic

measure of host resistance, than that which looks at only one stage of a ticks life cycle simply
because it is easier to get. Also, our measure gives a cutoff value, when one can say an animal
is resistant or not, unlike the Australian case [54] where such cutoff value is not given, which
leaves one not sure as to when an animal is truly resistant, just resistant or not resistant at all
(highly susceptible).
Another key advantage of our approach is the fact that we can compute

'zeb u c o n t e n f

from

either parasitic phase models or free-living phase models. The two computations might not
look the same from a functional point as they will be composed of different parameters, but
they will be quantifying an equivalent trait. An important aspect of

R . a p p en d icu la tu s

and

other tri-phasic ticks is that their life cycles clearly show that parasitic and free-living phases
are inseparably connected together. Therefore, factors that affect one stage will undoubtedly
affect the other stage.
Our approach finds justification in several papers [57, 287, 288, 327, 328], however, Uspensky
and loffe-Uspensky [327] reported that features of female engorgement and oviposition to be an
essential part in the study of tick life-histories. There has been past attem pts to quantify host
resistance that provided us with a good starting point. In field trials in Kenya, Latif

et a l

[56],

used Zebu cattle to rank the animals according to their level of tick infestation. Depending on
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the number of ticks collected from identical experimental animals over a period of 13 months,
animals were given ranking scores from 1 to 5 according to the range of tick counts: the high
resistance (score 1)
5) { i . e .

{i.e.

animal with fewer on-host tick load) and the lowest resistance (score

animal with most on-host tick load).

In later trials, Latif

e t al. [57]

used these ranking scores to relate the on-host tick distribution

to the host resistance. Their work is probably the first case of quantifying host resistance based
on experimental data. They determined an index of resistance using two groups of animals,
one as a control and the other as the treatment. The control animals were clean (susceptible
hosts) animals which had not been fed on by

R . a p p e n d ic u la tu s

ticks, whereas the treatment

animals were those that had previously been exposed (resistant hosts) to tick challenge.
Based on their work, we construed that they used what turned out to be a linear expression
which we shall call the

tick respon se

function, r£^ (V ), where a E { 1 , 2 } indicates the resistance

status of the host with <7 = 1 and a — 2 representing the respective more susceptible {S) and
less susceptible or resistant

{R )

tick post-feeding variables V

hosts. This function, T cr(V ), is a linear combination of three

= { v \ , U2 , % ) E

They never presented any formal expression

for Fct(V), but from their work, we constructed this expression and found it to have the form

ra(V )

=

Oicj\V\ + Œa2V2

(7 .9 .1 )

OLa?iV^

where v\ = number of engorged females, V2 — mean weight of engorged females and

= mean

weight of engorged nymphs. The coefficients a^k E R being constant parameters that were
determined by regression analysis. They obtained several values of

, and using the statistical

procedure of discriminant analysis, they obtained several values of a measurement that shall be
represented by /*, where

r
which they called
Latif e t

al. [56],

and when I*

>

^Hndex o f r e s i s t a n c é \

=

r(F^(V))

By comparing the values of I* to the ranking scores of

they deduced that when /* < 0 .7 7 (maximum value) the host is resistant (a = 2)
1.31 (minimum value) the host is susceptible {a = 1) with the intermediate

hosts being in between the two values. Clearly, if I* is the
is the

(7.9.2)

" in d e x o f susceptibiliti/^

'"'‘i n d e x o f r e s i s t a n c é \

then 7 = 1 — /*

which we shall use later in our model formulations. Though they

never provided any functional treatment in their formulation, what they did provide was some
initial impetus and motivation for the formulation of the

" p a r a s i ti d ^

phase models in Part II of

this thesis.
In a field ecological study in Rusinga Island, Kenya, Chiera

e t al. [287],

and later supported by

Maywald [291] reported that the past tick feeding history influences the tick future reproductive
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capacity, with those feeding on only resistant hosts experiencing increased stresses in the form
of low egg hatchability and reduced tick survival rates than those that feed on at least one
susceptible host. Further, they observed that these stresses are carried over to the emerging
larvae resulting in the reduction of their longevity and chance of finding a potential host to feed
on. If such a larvae feeds on a resistant host and moults, the stress characteristics are carried
over to the nymph, and again on to the adults if the nymph feeds on a resistant host. Finally
the whole tick reproductive capacity is greatly reduced. This view was later supported in [56,
57], who reported that ticks feeding on resistant hosts greatly diminishes the tick population.
Chiera et al. [287] reported that an adult tick whose past feeding stages was on resistance hosts
had its potential egg production reduced by 98.4% whereas if the tick had fed on susceptible
hosts it could have a reduction of only 2%. In-between values were obtained when resistant (R)
and susceptible {S) hosts are alternated between the two extremes out of a total of eight likely
hosts feeding combinations that form the ticks feeding history. It is this feeding combination
of a 3-host tick as outlined in [287], that provided us with some initial impetus and motivation
for the formulation of the “parasiizc” and “/ree-Zzmnç” phase models in Part II of this thesis.

7.10 Conclusion
We shall use the approach of Vail et al. [320] and Mwambi et al. [334] in developing our tick
population model. Although these authors [281, 334] assumed their parameters to be constants,
we do the same. However, it is possible to make these parameters as function of features of
tick behaviour to reflect a more realistic picture at the cost of a little complexity. Clearly, the
raison d ’etre for vector population models is in their use in predicting vector abundance and
seasonality as risk factors for vector-borne diseases. Tick population models are only a means
to the end of developing risk maps for tick-borne diseases [293].
It is imperative that for us to find ways to maintain a low stable tick population a sound
knowledge of the dynamics of the organism at play is crucial. For us to succeed in this, we need
to have a better understanding of what role host resistance plays in the population dynamics
of this tick species. We do this by investigating through model formulation and analysis the
complex web of trophic interactions that is characteristic of this vector-host relationship.
Two groups of tick population models will be derived for this purpose.
Tick-model I:

Parasitic” phase model - to investigate the effects of host resistance on onhost tick load and tick feeding efficiency.

Tick-model II: ^‘Free-living” phase model - to investigate the importance of cumulative effects
of host resistance and feeding sequence on the ticks’ reproductive capacity.
Though they will be handled separately, the two groups of models are related in that they will
be dealing with the same tick population at different stages of tick development life cycle.
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Chapter 8
TICK MODEL I: PARASITIC PHASE

8.0 Introduction
Chapter 8 examines the first tick model that investigates tick population in the

^parasitic^

phase of its development when ticks are on-host feeding on either homogeneous herd of similar
resistance or mixed herd of varying resistance levels. Host resistance is integrated into the
models as a density-dependent variable whose values changes depending on the level of on-host
tick load. Stability analysis performed on the model system provides us with conditions that
are needed for tick population to collapse or take-off. Quantity of
herd resistance is shown to be closely linked to the
that provides us with an indication

as

^zebu c o n t e n f

as a measure of

'‘t i c k p o p u l a t i o n r e p r o d u c t i o n p o t e n t i a f , TZq

to whether a tick population will increase or decrease.

8.1 Summary of main results
Results of stability analysis gives us the principal outcome of ecological significance from this
chapter, which is the determination of : (i) (ii) -

Hebu c o n te n f,

H i c k p o p u l a t i o n r e p r o d u c t i v e p o t e n t i a f , TZq

and

£ as a quantifiable measure of herd resistance that is dependent on tick

parameters. Whenever T^o < 1 a non-zero tick population cannot be supported, and in effect
£ < 1 signifying high

H ebu c o n te n f.

In that case host resistance to tick infestation is increasing

and general herd resistance is high.
Of particular relevance is the finding that stocking herds with resistant animals is a necessary
but not sufficient condition to control tick population, the sufficient condition is achieved when
measure of

H ebu c o n te n f

is less than one ie £ < 1. This is achieved through stocking sufficient

numbers of resistant animals so that overall herd resistance is boosted. Stability analysis shows
that results on homogeneous herd is a special case of mixed herd when we consider hosts to be
of same type-cr.
An important point from our analysis is the realization that herd resistance, £ has a lower limit
(minimum susceptibility) when hosts are composed of entirely resistant animals but a high limit
is non-existent because such a case will favour very high tick population that will eventually
wreck havoc to the health status of the affected animals and even possibly decimate the host
population. Our analysis showed that such a high limit cannot be achieved.

8.2 Defining index of susceptibility, 1 ( a )
When attached and feeding on-host the tick is in the

'‘^ p a r a s i t i d ’

phase of its development. The

length of time ^^parasitid^ ticks spend on the host is determined by the capabilities of the host
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immune response, whereas the status of the host from the point of view of its health, nutrition
provisions and environmental conditions determine the strengths and capabilities of its immune
defences to withstand and repel tick infestations [59, 61, 284, 306, 314, 322]. Host resistance is
a function of on-host tick density with host resistance to tick infestation being expressed more
and more effectively as the number of attaching ticks increases.
However, a sustained increase in “paraszizc” phase tick density will result in a lowering of host
resistance or an increase in host susceptibility. The host immune response to tick infestation
will be measured by an index I{a) where <r G {1, 2}. We shall assume that there are two distinct
host types: more susceptible hosts {a — 1) and less susceptible hosts (cr = 2). We shall take
this to mean that 7(1) > 7(2).
Depending on how the models are formulated, 7(cr)®'^ can either be an index of resistance or
susceptibility. The two are complimentary to each other since an increase in one implies a
decrease in the other and vice versa. We shall take

'‘'‘i n d e x o f s u s c e p t i b i l i t y ^

for

reasons to be made clear later. This index, 7(<t), is also a function of the on-host tick load,

W.

It is assumed that ahost of resistance status
tick population made up of larvae

(L ),

a

I {a)

picks up ticks at a rate

nymphs

(AT)

and adults

assume that there is a functional relationship between
W

to be an

(A ).

p{a)

from a '‘' f r e e - l i v i n g '

Forthat reason,

we shall

(host measure of susceptibility) and

(parasitic phase ticks) which will be represented by a decreasing function of W ,

that

is expressed as

,,

I

7i(W ),
7^(W) = {
I 72 (W ),
where

S

represents susceptible hosts and

more susceptible host (S)

(8.2.1)

less susceptible host (R)
R

represents resistant or less susceptible hosts. It is

important to make it clear that at least initially Ia{W) is decreasing.

8.3 Model assumptions
The scenario for an

R . a p p en d icu la tu s

parasitic phase model follows a general pattern of mod

elling the population dynamics of acquired immunity to parasite infection as outlined in section
19.5 (chapter 19) of the text book by Murray [67].

8 .3 .1 A s s u m p tio n 1
Once

" f r e e - li v in ff '

ticks

F

= {L, 77, A }

{L

= larvae, N = nymphs, A =adults) are picked up at

a rate p(cr), they interact with on-host ticks competing for space, mating partners and so on.
Let us now assume that the per-tick encounter rate with a host, 6, is proportional to total host
density, 77, that is,
is identical to 7^. T he latter notation is suitable when we want to include th e variable such as in

I AW).
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=

£

£qH

(8.3.1)

where Co E R is constant which is independent of the tick life-history stage and feeding history.
Thus, the rate at which a tick encounters a host of resistance type a G { 1, 2} is

£{(t )
where H = H { \ )

=

£qH{( t)

(8.3.2)

H{2)^ with H{1) the density of susceptible hosts and H{2) the density of

resistant hosts. We may write (8.3.2) in the form

£{(j)

=

£ofj,{a)H,

where /i(cr) =

(8.3.3)

Thus, n{a) is the proportion of hosts type a £ {1,2}. Clearly, p { l ) -f p{2) = 1, and we shall
sometimes write,

m(1) =

8 .3 .2

/^(2) = I - p

(8.3.4)

A s s u m p tio n 2

Given an encounter with any host, there is a probability, î?o, which is independent of the
resistance type of the host, and of the life-stage and feeding history of the tick, that the tick
will be picked up and begin feeding. Now let p{a) be the rate at which ticks encounter, are
picked up and begin feeding on a host of resistance type a. Then it follows from Assumptions
1 and 2 that

p{a)

=

£{(r)'do

(8.3.5a)

=

£o'âoH{a)

(8.3.5b)

=

pop {(t) H

{po — 6oi^o=constant)

(8.3.5c)

Thus the rate at which ticks encounter, and are picked up by, and begin feeding on a host is
given by

p =
=

p{l) + p{2)

(8.3.6a)

po[p{l) + p{2)]H

(8.3.6b)

— poH

(8.3.6c)
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Once ticks are firmly attached and feeding starts at the bite sites, this invokes a distinct im
munological response from the host. Hence we shall assume that the immune system is triggered
according to the on-host tick load experienced by the host, with the host immunological re
sponse acting against ticks at any stage of their life cycle, larval (L), nymphal (TV) or adult
(A), and later the egg {E) stage through the knock-on effects on the parent adult.

8 .3 .3 A s s u m p tio n 3
As the host develops an effective immunological response, on-host ticks experience difficulty
in feeding, thereby preventing engorgement.

In such cases, ticks emerge as stunted instars

with correspondingly high drop-off rates, ri{a), and high mortality rates, d{a) that affect future
population growth.

8 .3 .4 A s s u m p tio n 4
There is a positive feedback mechanism between free-living (F ) and parasitic (W) phase ticks in
that an increase (or decrease) in one promotes (or depresses) the population of the other. How
ever, ticks infesting a given host of status a G { 1, 2} can not exceed the ticks carrying capacity
of a host, A(o-) with A(i) > K^2 ) since resistant hosts (<t = 2) can withstand a much bigger tick
load than susceptible hosts {a = 1) despite the fact that at any given time a susceptible host
has a bigger tick load than a resistant host because susceptible hosts provide a more favourable
feeding environment due to their less effective immunological response mechanism to fight off
infesting ticks.

8 .3 .5 A s s u m p tio n 5
Despite the importance of the host component {H) in the ticks’ life cycle, we can reasonably
assume that total host density {H) to be constant on the tim e scale of a ticks life cycle. The
effects of ticks on a host is not immediate, it takes time to have an effect and by that time
several generations of ticks will have taken place. Nevertheless, the availability of hosts will be
assumed since there can never be ^‘parasitid^ phase ticks without hosts to feed on. This includes
domestic cattle herds as hosts, whose density is maintained at more-or-less constant levels by
humans.
We shall assume that herd of hosts can be of two types
1). ^‘' homogeneous herd'* - where ticks are feeding on hosts of uniform resistance or susceptibility
as in the case of wild hosts or any of the cattle category, i.e.

B. indiens or B. taurus;

2). “mixed herd'* - where ticks are feeding on hosts of varying resistance levels (cr = { 1, 2}) as
in the case of domestic herds that is composed of both B. indicus and B. taurus or where
wild hosts and domestic cattle feed on same pasture land making it possible for available
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ticks to feed on both of them as the situation arises.

8 .4 P a r a sitic p h a se m o d e l I: h o m o g e n e o u s h erd
8 .4 .1

T h e 2 -d im e n sio n a l s y s te m

We assume a homogeneous herd of animals of uniform susceptibility type, and model this group
by considering the 2-dimensional system,

P o {l-^ ]F -T )W
\
K

dt
dt

=

{n{C^-<l) + bq)I(W )W -

(8.4.1a)
-dF .

(8.4.1b)

The interpretation of (8.4.1) is as follows:
W = tick load on a single host.
F = density of free-living ticks.
K — tick carrying capacity of a host.
T) = drop-off rate of ticks from a host.
h= 1

(3 = egg mass produced by adult ticks which have successfully fed on a host.

q = proportion of adult ticks which have fed successfully and dropped off, and which then go
on to breed (with 0 < g < 1).
\ —q = proportion of (pre-adult) ticks which have fed successfully and dropped off, but which
do not breed (they must feed on another host or hosts before being mature enough to breed).
I [ W ) — proportion of ticks which drop off a host and which have successful fed.
1 —I { W ) — proportion of ticks which drop off a host and which have not successful fed. These
ticks are assumed to die immediately.
d = natural death rate of free-living ticks from all other causes.
Note that the model (8.4.1) is based on the assumption of a stable age-class distribution amongst
the parasitic-phase ticks. That is, we assume that there is a fixed distribution (o!i, 0:25 0:3), with
0 < û!i < 1 and Q!i -f Q!2 + 0:3 = 1, such that L = a\ W, N = 02W, A — 0:3W, where L, N
and A are the larval-, nymph- and adult-phase densities of on-host ticks. Thus, the ticks which
drop off per unit time, having successfully fed, are rjI{W)W, of which aiT]I{W)W are larvae.
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a 2 T]I{W)W are nymphs and a^r}I{W)W are adults. However, it is only the adults which are
mature enough to breed. Hence, we take q =

and {I — q) = a\

a2 -

Observe that equation (8.4.1b) can be written in the more convenient form

^

=

L (l + l3 q )r(W )W -p o (l-^ ')F \H -d F

(8.4.1c)

For ease of reference, the meaning and units of state variables and parameters in (8.4.1) are
summarized in the list of symbols and notations on pages 20-23.

The system we consider

is (8.4.1a,c) and its analysis is given in Appendix 8 focuses on the systems stability analysis
by looking at the stability of non-zero equilibria that is performed in Appendix A8.1(i) and
A8 .1(ii).

8 .4 .2 R e s u lts o f lin ear s ta b ility a n a ly sis I: T h e Hick population reproductive potentiaV,
TZoy an d m ea su r e o f Hebu content\ C{w)
The TZo (A8.1.5) which is a measure of ^Hick population reproductive potentiaf is synonymous
to the well known ‘basic reproduction ratio’ commonly used by epidemiologist to describe
disease transmission [14, 282], only that in our case we are using it in the context of ticks
reproductivity. Clearly, whenever host susceptibility, I satisfies condition (A8.1.6) then a non
zero tick population can never be supported, whatever the herd size. In other words, the tick
population will die off. The significance and implications of (A8.1.5) is that if TIq < 1 then tick
population will collapse and die off because not enough ticks will have fed, and if 7?-o > 1 then
the tick population will increase since sufficient numbers of ticks will have fed.
Therefore, summarizing Propositions A8.1, A8.2 and A8.3, we see what we have shown is that:
if host susceptibility I { W ) is non-increasing i.e.

host resistance is increasing, and T^o < 1,

then the only equilibrium of the system (8.4.1) or (A8.1.1) as given in the Appendix A8.1
is the tick-free equilibrium, the zero equilibrium (VF, F ) = (0, 0) which is necessarily locally
asymptotically stable. On the other hand, if Fq > 1, then the tick-free equilibrium is unstable,
hence tick population will increase and there is a unique non-zero equilibrium, {W, F) > (0,0)
of the system (8.4.1), which is necessarily locally asymptotically stable.
We shall interpret

JC,{w)

> 0 (A8.1.15a) as the measure of Hebu contenf in the homogeneous

herd. This measure is dependent upon on-host tick load at equilibrium, w =

ticks breeding

success represented by (5q\ host susceptibility, J{w) (A8.1.9); rate at which ticks encounter, and
are picked up by, and begin feeding on a host, p^H and natural rate of free-living ticks from all
other causes, d. From Appendix A8.1(i) we see that C{iv) > 0 hence, we deduce that
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< 1,
jC { w

)

High ^zebu contend. Herd is resistant

<

(8.4.2)
> 1,

Low '‘zebu contenf. Herd is susceptible

The ecological significance of (8.4.2) is that if JC,{w) < 1, then

TZo

<

and hence by Proposition

I,

8.1 no non-zero tick population can be supported whatever the herd size. The situation is
reversed if

C{w)

> 1. Clearly, C{iv) (A8.1.15a) depends on the herd size, H (Figure 8.2), but

its trend is determined by host susceptibility, J{w) (A8.1.12) so that if (A8.1.12) holds then
C {w)

> 1 and herd is susceptible, whereas if (A8.1.12) does not hold then

C{w)

< 1 and herd

is resistant.

8 .4 .3 N o n m o n o to n ie im m u n e r e sp o n se
We have so far assumed that the immune response of the host, represented by I { W ) (suscep
tibility), or equivalently, by J{w) = I { K w ) = I{W) , is non-increasing. Thus, as the tick load
increases from zero, but remains very much smaller than the tick carrying capacity of the host,
it is reasonable to suppose that the host mounts an effective immune response which decreases
its susceptibility to further attack; i.e. J{w) is decreasing. This immune response is represented
in the model by an increase in probability with which ticks drop off the host without having
fed successfully, i.e.

1 - I{W).

However, it may be the case that, for sufficiently large tick loads, the ability of the host’s immune
system to mount an effective defense is exhausted, and the host’s susceptibility begins to rise
as tick load increases beyond this threshold, û), due to decreasing efficiency of the response.
That is, when a host is sufficiently immune compromised by tick attack, further attack becomes
easier. A response of this type is shown in Figure 8.1^^.
In the situation represented by Figure 8.1, it is possible to have either one stable equilibrium,
as discussed previously, but it is also possible to have three equilibria, two of which are stable,
separated by one which is unstable. These cases are shown in Figure 8.2, which illustrates the
possible solutions of the equilibrium equation (A8.1.11). The second case occurs when TZq is
very much bigger than 1 (large herd size), and the first when TZq is much closer to 1 (smaller herd
size). When there are two stable equilibria available as in Figure 8.2(b), the higher equilibrium
is much closer to the host carrying capacity, and so represents a very high level of infestation.

®-^The graph in Figure 8.1 was obtained by joining two graphs. For interval
J { w )

= ampffe 4- (1 — k

.7 = 0.6a. For interval

w

) j ( w ) }

<

w

<

where 0 < fc < 1, and
1

w e

j { w )

plotted th e function

=

J { w )

0

<

w

^ ^ Ü
= 1 — (1 — am p

<

w

v / e

,7 w ith
k )

plotted the function
u

=

^1 — ^ Y -a ) )

3 ,

a

=

0.8 and

where

v

=

5.
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J

W

1

w

Figure 8.1: Possible graph of J{w). The graph is monotonically decreasing in the range 0 <
w < w. In this range, the host is able to mount an effective immune response. At higher tick
loads, w < w < 1, the host’s immune response is overwhelmed, and susceptibility rises rapidly
to its maximum value. If this situation is maintained, the host dies.

This situation (Figure 8.2) can be reached if some (stochastic) perturbation pushes the system
out of the lower stable equilibrium and past the unstable equilibrium into the basin of attraction
of the high stable equilibrium. However, very heavily infested animals are likely to be so immune
compromised that they are in a highly weakened state, incapable of mustering any decrease in
susceptibility. A host in this condition is therefore vulnerable to any further challenge from
whatever source. Thus, the high tick load stable equilibrium (Figure 8.2(b)), if ever attained,
would be likely to lead to the destruction of the herd.
Because of this, the model (8.4.1) is not adequate to represent this situation as it stands, since
no provision is made for host mortality. Host mortality especially in the case of domestic cattle
is difficult to quantify as there are several herd population reducing factors that are not part
of natural mortality and are not easily quantifiable e.g.

man-made factors: such as economic

considerations, food requirements, cattle rustling and socio-cultural factors or environmental
factors: such as severe drought, sudden outbreaks of fatal diseases and wild predators.
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L

w

1

w

1

w

L

(b )

1

Figure 8.2: Possible graphs of
in Figure 8.1. Graph (a):

= {p^Rjâ){\ - tû) {(1 4-

w

J(w ) — 1} when J{üi) is as

For a small herd size, T^o, and hence

given by (A8.1.15b), is

not so large compared to 1. In this situation, there is a unique non-zero equilibrium which is
asymptotically stable. Graph (b): For a larger herd size, T^o, and hence £o given by (A8.1.15b),
is much bigger than 1, and in this case there can be up to three possible equilibria, two locally
asymptotically stable, separated by an unstable equilibrium.

Tick loads at the high stable

equilibrium may never be realized, since the condition of host health would deteriorate and
possibly lead to death if loads greater than the unstable equilibrium value were ever achieved.
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8.5 Parasitic phase model II: mixed herd
8 .5 .1

T h e 3 -d im e n sio n a l s y s te m

We make the same assumptions as for the 2-dimensional homogeneous herd model, except that
now we allow the herd to consist of a mixture of two types of host of different resistances where
(7 = 1 represents the more susceptible hosts (.S') and cr = 2 represents the less susceptible or
resistant hosts {R). Therefore, we now consider the three-dimensional system.

dt

\

dW2
dt

r

(8.5.1a)

Ki
W2
■

j ^

(8.5.1b)

+ Pcrq)Ia{^(T)^c7 ~ POf^a

~

^ j H — dF
(8.5.1c)

The interpretation of (8.5.1) is as follows:
W(j = tick load on a host of susceptibility type a.
F = density of free-living ticks.
K(j = tick carrying capacity of a host of susceptibility type a.
7]a — drop-off rate of ticks from a host of susceptibility type a.
ba = I + Pa = egg mass produced by adult ticks which have successfully fed on a host.
q — proportion of adult ticks which have fed successfully and dropped off and which then
breed.
l —q = proportion of (pre-adult) ticks which have fed successfully and dropped off, but which
do not breed (they must feed on another host or hosts before being mature enough to breed).
7<t(Wct) = proportion of ticks which drop off a host of type a which have successful fed.
1 — Ia{Wa) — proportion of ticks which drop off a host of type a which have not successful
fed. These ticks are assumed to die immediately.
d = natural death rate of free-living ticks from all other causes.
We assume that 0 < g < 1, and

> r/2, Pi > P2 , K \ > K 2 . For ease of reference, the

meaning and units of state variables and parameters in (8.5.1) are summarized in the list of
symbols and notations given on pages 20-23. The analysis of (8.5.1) is given in Appendix A8.2
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which focuses on the systems stability analysis by looking at the stability of non-zero equilibria
which is done in Appendix A8.2(i) and A8.2(ii).

8 .5 .2 R e s u lts o f lin ear s ta b ility a n a ly sis II: T h e Hick population reproductive potential^
TZo, an d m ea su r e o f Hebu contenf ^ L
The results of stability analysis of the mixed case is an extension of the homogeneous case, only
that now we have to take into account that tick population feeds on hosts with two levels of
susceptibility,

a G {1 ,2 } where cr = 1 are the susceptible (less resistant) hosts and a — 2

are the less susceptible (resistant) hosts. The '’Hick population reproductive potentiaî\ 'R.q in
(AS.2.6) reflects ticks feeding on animals from a mixed herd, and by Proposition 8.4, we see that
a non-zero tick population can never be supported whatever the herd size if 'R.q < 1. Hence,
tick population will die off.
The equivalent of (8.4.2) for a mixed herd that is a consequence of (AS.2.9) is given as

< 1,

High 'zebu contenf. Herd is resistant

C

(8.5.2)
> 1,

Low 'zebu contenf. Herd is susceptible

which is a measure of 'zebu contenf for mixed herd. This value (AS.2.9) is dependent on herd
composition,

host susceptibility, la and breeding success of the ticks feeding on mixed herd,

represented hy (3aqThere is a connection between the "tick population reproductive potentiaF, TZq (A8.2.6)and
'zebu contenf C (AS.2.9) so that if T^o < 1 then £ < 1, and by (8.5.2) the herd is resistant and
cannot support a non-zero tick population. In a mixed herd, herd resistance, C is bound to vary
depending on herd composition, pa- The minimum value of C i.e.

the highest herd resistance

occurs when the herd consists of entirely of resistant animals, i.e.

/xi = 0 and p 2 = 1. Clearly,

(8.5.2) tells us that there is no maximum value, as increased susceptibility will only favour tick
population to the detriment of host population as all animals are likely to die before such a
value is attained (Figures 8.3 and 8.4).
In a mixed herd, the susceptibility of the resistant (type-2) hosts, .72 is consistently lower than
that of susceptible (type-1) hosts, J\ (Figure 8.3). For that reason, the immune system of the
type-1 host is overwhelmed at lower on-host tick loads than is the immune system of a type2 host. However, the presence of other mitigating factors such as drought, other illness and
pregnancy to name a few can seriously compromise the immune system of all hosts, susceptible
or resistant.
In a realistic herd, C < \ (A8.2.9) is unlikely to hold, but T^o < 1 (A8.2.6) may hold provided
the herd consists entirely of resistant animals according to (A8.2.11). If we assume that the
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J

1

Wi

W2

1

w

Figure 8.3: Possible graphs of J\{w) and J 2 {w) for 0 < iD < 1. The graphs are monotonically
decreasing in the range ^ < w < Wa with W2 > w\^ and increasing for w > Wa- The susceptibil
ity of a type-2 host is consistently lower than that of a type-1 host, and the immune system of
the type-1 host is overwhelmed at lower tick loads than is the immune system of a type-2 host.

herd consists of only animals of susceptibility type a and not mixed, then (A8.2.10) is equivalent
to (A8.1.6) of the homogeneous herd. The ecological implication of this finding is that these
animals therefore, have to have a low susceptibility (high resistance) in relation to the breeding
success of the ticks on such animals, hence, the tick population feeding on such hosts will
eventually collapse and die off.
The significance of feeding on mixed herd is illustrated in Figure 8.4, where we see that when
hosts are of high resistance {ii\ — 0.1) we get only a single stable equilibrium, and when hosts
are of low resistance {fix — 0.9) three equilibria arises with the two stable equilibria separated
by an unstable equilibrium.

Clearly, when ticks feed on resistant hosts (/lii — 0.1), there

is a unique non-zero equilibrium which is asymptotically stable (Figure 8.4), and when they
feed on susceptible hosts [ti\ = 0.9), there can be up to three possible equilibria, two locally
asymptotically stable, separated by an unstable equilibrium (Figure 8.4), tick loads at the high
stable equilibrium may never be realized, since the host would die if loads greater than the
unstable equilibrium value were ever achieved.
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X

w%

L

= 0. 9

1

Figure 8.4: Possible graphs of L{wa) = {po H/d )M o{ P) = left-hand-side of (AS.2.22) as a
function of îDa when Ja{wa) are as in Figure 8.3, and W2 is given by (AS.2.16). The intersections
of the dotted line and the curve are the points of equilibria. Upper graph: /j,i — 0.1 (almost all
hosts are of high resistance), showing only a single (stable) equilibrium. Lower graph: pi — 0.9
(almost all hosts are of low resistance), showing three equilibria (two stable separated by an
unstable). In both graphs

= 1.1, «2 = 1 and {poH/d) = 1.
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8.6 Conclusion
Our measure of ^zebu content\ jC, which is the quantification of herd resistance differs from
what has been done by others [52, 54, 57]. First, our formulation is analytical whereas the
others are experimental. Second, our approach shows that the presence of resistant animals is
just the starting point in using host resistance to control tick population, effective use of host
resistance is guaranteed to work whenever measure of ^zebu contenf is less than one i.e. C < 1,
in that case a tick population cannot be supported. Both approaches, ours and the others are
important as they complement each other.
It is not possible to specify whether measure of '‘zebu contenf quantifies innate resistance
whose time scale is ‘evolutionary’ or acquired resistance which is ‘ecological’. However, it is
obvious that whether resistance is evolutionary or ecological, it is generally an immunological
response, with the expression of host resistance to ticks being subject to the infiuence of many
environmental and animal factors. Sutherst et al. [320] pointed out that despite host resistance
being subject to the infiuence of environmental and animal factors, animal breed is still by far
the most important effect, and dilution of B. indicus genes i.e. 'zebu contenf leads to marked
increase in survival rates of ticks on cattle.
Therefore, 'zebu contenf is indeed a measure of innate resistance as it is genetical rather than
environmental or ecological. But for purposes of modelling, analysis and simplicity we shall not
distinguish factors that bring about resistance in animals. That is a potential area for future
research. Clearly, the analytical approach that we have adopted is certainly much more fiexible
and can be easily integrated into a computerized integrated tick management programme that
provides field ecologist with a selection of options to work from. A likely useful application of
the mixed herd case is the possibility that we can theoretically select herd composition based on
several parameter values used to compute 'zebu c o n t e n f C and then decide the best value that
we need prior to giving practical advice on how to manage and control a given tick population.
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A PPEN D IX 8
A8.1 Equilibria and stability of parasitic phase model I
The system we analyze below is (8.4. la,c) that are given in sub-section (8.4.1), and for ease of
reference we reproduce them as (A8.1.1). Thus,

dW
dt

=

/
W \
Po [ 1 - ^ ] F \
K J

^

=

L {1+ l3 q )I{W )W -p o (l-^ ^ F \H -d F

tjW

(A8.1.1a)

(A S .l.lb )

Clearly, (W, F ) = (0,0) is an equilibrium, and any other equilibrium satisfies {W,F) > (0,0).
We also have

dW
dW
dW
dF

dP
dW

dP

Po
=

( ^ F + t; ) < 0

(A8.1.2a)

(
1- —
V
K

(A8.1.2b)

> 0

{ 77(1 + Pq){I{W) 4 - I ' { W ) W ) +

= -po

(

^ j

H

F - d

(A8.1.2C)

(A8.1.2d)

The Jacobian matrix at the tick-free equilibrium (W, F ) = (0,0) is.

.7o

I

=

^“
77 (1 + / ) g ) T F

- ( d

+

1

(A8.1.3)

p o F )

where I — 7(0). Thus, the trace and determinant of Jq are

Tr i/o
Det ,7o
Thus, the tick-free equilibrium is

— —(77 “1“ d -f- poF ) <c 0

(A8.1.4a)

=

(A8.1.4b)

Tf {{d-\-P qH^ —pqH { \ ( 3q)I^
locally asymptotically stable

if and only

if Det J q> 0. Rear

ranging this condition yields the following proposition.
P r o p o s itio n 8 .1 . The tick-free equilihrium, (IT, F ) — (0,0), is locally asymptotically stable if
and only if
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The %o (AS.1.5) is a measure of ^Hick population reproductive potentiaF. Notice that

is

monotonically increasing in H with upper limit 1 as i / ^ oo. Thus, a non-zero tick population
can never be supported, whatever the herd size, if

/

<

(A8.1.6)

These animals therefore have to have a low susceptibility (high resistance) in relation to the
breeding success of the ticks on such animals, represented by (3q. However, for any realistic
herd (AS. 1.6) is unlikely to hold. Nevertheless (AS. 1.5) may still hold providing,

H

(A8.1.7)

<

The implications of (AS. 1.5) is that if

TZo < 1then tick population will dieoff because not

enough ticks will have fed, and if T^o >

1then the tick population will increasesince sufficient

numbers of ticks will have fed.

(i)

N o n -z e r o eq u ilib ria

If { W , F ) > (0,0) is a non-zero equilibrium, then from (AS.1.1a),

where w = W / K and

k

— r\K. The equilibrium condition obtained from (A S .l.lb ) is

=

^ v W { ( l + l3q)I(W )-l}

(A8.1.9)

and writing J{w) = I { K w ) = I {W ), this can be written in non-dimensional form as.

PqF

—

{{I + (3q)J{w) - 1}

(AS.1.10)

Equating (AS.l.S) and (AS.1.10), we obtain.

- w) {{1 + l3q).T{w) ~ 1}

=

1

(A8.1.11)

Now notice from (AS. 1.1a) that a non-zero equilibrium must satisfy w < 1, from which it follows
that the left hand side of (AS.1.11) is positive, which is the case if and only if.
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(A8.1.12)

J{w) > -

+ pq
Furthermore, if we assume that I{W)^ and hence J{w), is a non-increasing function, then.

^^

{(1 +

— 1} > ^ ^ ( 1 “

{(1 +

~ 1} — 1

(A8.1.13)

which rearranges to give.

poH
d 4- PqH

7^0

(A8.1.14)

Also notice that the function

C{w)

=

(1 - u;) {(1 + ^g),7(u>) - 1}

(A8.1.15a)

is monotonically decreasing provided (1 4- ^q)J{w) — 1 > 0, with

£ (0)

=

14-1 +

poH
d

(7 ^ 0 -1 ) > 1

(A8.1.15b)

and £(1) — 0. Furthermore, C{w) can only fail to be monotonically decreasing when (1 +
(3q)J{w) — 1 < 0, in which case C{w) < 0. Thus, since (1 + (3q)J{w) — 1 is monotonically
decreasing for all ü), there is at most one point w* in the range 0 < w* < 1 satisfying: £(w ) > 0
for 0 < Û) < u;* and C{w) < 0 for w* < tü < 1. Since C{w) is monotonically decreasing in
the range 0 < w < w*, it therefore follows that there is exactly one non-zero equilibrium w
satisfying (A8.1.11). Also notice that £(0) is an increasing function of 72-o, and in particular an
increasing function of host density H.
We have therefore proved the following proposition.
P r o p o s itio n 8 .2 . Suppose J{w) is non-increasing.

Then there is exactly one non-zero equi

librium of the system (A8.1.1) if and only ifTio > 1; i.e. if and only if the zero equilibrium is
unstable.

(ii) S ta b ility o f a n o n -z e ro eq u ilib ria
We now consider the stability of a non-zero equilibrium. The Jacobian matrix at a non-zero
equilibrium has the form.
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.h

=

I

-('« + M F ) ?
|/ t ( l + (3q)A +

I
^

(A8.1.16a)

— |( i + k,w H /

where

À

=

J(w) + J'(w)w

and we have used the equilibrium condition p o ( l - w ) =

kw/ F

(A8.1.16b)
(see (A S .l.la )). Clearly Tr Ji < 0

always. Hence, {W, F) is locally asymptotically stable if and only if Det J\ > 0, where,

Det ,7i

— —

p ( ) F ) [ d k w H / F) —

/ F ) kw

(3q)A

pqF^^

(A8.1.17)
That is, using (A8.1.8) to substitute for F, Det Ji > 0 if and only if.

Ki(tD) = ^ ( 1 - WŸ {(1 + 0g)Â - 1} < 1.

(A8.1.18a)

Finally, using (A8.1.11) and (A8.1.16b), this gives the necessary and sufficient condition.

Uiiw)

=

{l~ iv) + £ ^ { l + 0 g ) { l - w Ÿ . r { w ) < ï

(A S.l.lS b)

for {W, F) > (0, 0) to be locally asymptotically stable.
Of course, condition (A8.1.18b) necessarily holds if J'{w) < 0. We have therefore proved the
following proposition.
P r o p o s itio n 8.3 . Suppose I{w). is non-increasing and TZq > 1.

Then the unique non-zero

equilihrium {W, F) is locally asymptotically stable.

A8.2 Equilibria and stability of parasitic phase model II
The 3-dimensional system (8.5.1) has two equilibrium points. The zero equilibrium (A8.2.1a)
and the non-zero equilibrium (A8.2.1a)

(W u W 2 ,F)

=

(0 ,0 ,0 )

(A8.2.1a)

(W uW ^.F)

>

(0 ,0 ,0 )

(A8.2.1b)
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Clearly, [W\ , W2, F) = (0,0, 0) is an equilibrium, and any other equilibrium satisfies {W \ , IVg, F) >
(0 ,0 ,0 ). We also have.

dWi
dWi

(A8.2.2a)

<0

dWi

=

dW2

0

(A8.2.2b)

dWi
dF

(A8.2.2c)

dW2
dWi

=

dW2
dW2

0

(A8.2.2d)

Po
- I — F + r/2 I < 0

(A8.2.2e)

dW2
dF

(A8.2.2f)

dF
mvT
dF
dF
dF

+ 0 iq )lh {w ,) +

h

(A8.2.2g)

+

H

(A8.2.2h)

02

q ) [h { W 2 ) + 4(W2)VV2] +

P o { l-

(A8.2.21)

+

The Jacobian matrix at the tick-free equilibrium { W \ , W 2 , F ) — (0 ,0 ,0 ) is.

(
—

~m

0

Po

0

— 772

Po

+ /3iq)IiH

772/22(1 + /?2g)^2^f

~{d +

(A8.2.3)
poH )J

where la = /<j(0). Thus, the characteristic polynomial Fq of jTo is,

Fo(A)

=

Det {XI - Jo)

(A8.2.4a)

— (A -f 771)(A -|- 7/2)(A + d poH) — (A + 7/1)^0772/22(1 + (d2 ç ) l 2 H —
P o( A +

=

3

(A8.2.4b)

7 7 2 ) 7 7 1 / 2 1 ( 1 -t- / i ç ) / i / f

A^ 4- (2i A^ -f- U2A T U3

(A8.2.4c)

where

(%i

= 771 -t- 772 + d + PoH

(A8.2.5a)

CL2

= r]i'r]2 -\-{ri\+T] 2 ){d + P o H ) - poT]\p\{l + [ 3 \q ) I \H Po772/22(1 + ( h q ) h H

03

=

771772 {(d + po^^) - PoPi(l

(A8.2.5b)
- PoP2(l-fi02q')^2ld'}

(A8.2.5c)
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Notice that ai > 0 always, and a^ > 0 if and only if,

—

7^0

^

d+

p H

^

Pi ç ) h + /i2(l + P 2 ç ) h } < 1

(A8.2.6)

In particular, utilizing (A8.2.6) we can write.

Û2

= m m +PoHr] 2 p.i{l +(3iq)Ii + poHt]iP 2 {^ +(32q)h +
{t}i + Tj2 ){d + PqH) {1 —TZ-o} > 0

Û3

(A8.2.7a)

= m m i d + PoH) {1 - Uo}

(A8.2.7b)

Thus,

a ia 2 - a 3

=

aiA + (d + po^) {ai(î?i + 7/2) - r/ir/2} {1 - T^o}

=

ai A + (d +

PqH )

{(d + poH){ri\ + %) +

+ ^1^2 + ^2 }

(A8.2.8a)
~ ^ 0} ,
(A8.2.8b)

where

A

=

r/1772 + po^7/2/ii(l + /3iç)7i + po^mA^2( l + /^2g)72

(A8.2.8c)

which is positive. It now follows that the Routh-Hurwitz conditions, ai > 0, aiU2 — as > 0
and as > 0, which give necessary and sufficient conditions for all the eigenvalues of Jo to have
negative real parts, are satisfied if and only if T^o < 1. Thus, we have shown:
P r o p o s itio n 8 .4 . The tick-free equilibrium (ITi, IT2, F ) = (0 ,0 ,0 ) is locally asymptotically
stable if and only if condition (A8.2.6) holds; i.e. TZo < 1.
Notice that p o H / { d + poH) is monotonically increasing in H with upper limit 1 as 77 —>■ 00.
Thus, a non-zero tick population can never be supported, whatever the herd size, if

^

— )^i(l +

+ A^2(1 + /^29)-f2 ^ 1)

(A8.2.9)

For example, if the herd consists only of animals of susceptibility type a, then pa —

Thus

(A8.2.9) holds if and only if

-

1 + ^ '

(A8.2.10)
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These animals therefore have to have a low susceptibility (high resistance) in relation to the
breeding success of the ticks on such animals, represented by (3aq. Clearly, (A8.2.9) holds for
all

if and only if (A8.2.10) holds for cr = 1 (because h < h and P2 < Pi)- However, for

any realistic herd (A8.2.9) is unlikely to hold. Nevertheless (A8.2.6) may still hold providing,

H < H' =

(A8.2.11)

Note that the minimum value of C occurs when

= 0 , ^2 = 1; 2.e. when the herd consists

entirely of resistant animals. Then the maximum value of H* occurs when the denominator in
(A8.2.11) is a minimum, and is

(i)

N o n -z e r o e q u ilib ria

Assume that

> 0.

If {W\^W 2 , F) > (0 ,0 ,0 ) is a non-zero equilibrium, then from

(8.5.1a,b),
Or. P _
PoF
= _________
,
.. _
= _________
,

(i-e)

(> 1 8 .2 .1 3 )

(i-t)

so that, setting iDo- = W’^ /A'a and Ko- — rjaKa, we obtain

—W2 ) = K2 W2 {\~ —w\). That

is,
(«1 - K2)w\W2 — K\W\ -f K2 W2 = 0.
If

(A8.2.14)

7^ k,2 i this is the rectangular hyperbola in the (tüi, W2)-plane. Therefore,
(w)i + 7 i )(^^2 - 72) = - 7172,

(A8.2.15a)

where

Note that 71 and 72 have the same sign, so that the right hand side of (A8.2.15a) is always
negative.

Ourassumptions r/i > 7/2 and K \ > K 2 imply that 71,72 > 0. In the special case

Ki = K2,(A8.2.15a)

isreplaced by the straight line W2 = w\.

Ineither case there is only one

branch of this curve in the positive quadrant, and this branch passes through the origin.
Notice that (A8.2.15a) can be written,
W2 =

71 + Wi

(A8.2.16)

Using the conditions (A8.2.13), the equilibrium condition obtained from (8.5.1c) can be written,

1

F

2

=

+
(7 =

1

(A8.2.17)
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and writing Ja{wa) = Ia{KaWa) —

F

^

this takes the non-dimensional form,

I 2
-'Y^Kalla'Wa {{I + (3(rq)JcT{'Wa) - 1} H,

(A8.2.18)

= 1

<7

with the possible plots of Ja{wa) for cr e {1 ,2 } given in Figure 8.3 for the tick load ranges
0 < iD < W(j. Using the equilibrium conditions (A8.2.13) we obtain the first equilibrium equation
that is given as

+

d

=

fp -~ .

( 1 — IC l j

=

r T ^ -

(A8.2.19)

[ I — W2 )

Now notice from (8.5.la,b) that a non-zero equilibrium must satisfy iBa < 1, from which it
follows that the right hand sides of (A8.2.19) are both positive. On the other hand, the left
hand side of (A8.2.19) is positive if and only if

{ 1 P \ q ) J i { w \ ) P \ {1

P2 Q)d2 { w2 ) P2 > 1

(A8.2.20a)

where,

f,

= ----------------K i f l i Wi

-I-

,

p. =

'^ 2 !^ ----.

K 2 II2 W2

(A8.2.20b)

+ K2{J^2'W2

The first equation of (A8.2.19) gives,
K\Wi
PoH{^~'w-[)^{l-\-(3iq)Ji{wi)Pi-\-{l-\-(32q)d2{u)2)P2'^

—

KipiWi + K2 P2 W2
(A8.2.21a)

Similarly, the second equation of (A8.2.19) gives,
P oH {^~ü)2)^{l+f3iq)Ji{w i)Pi-\-{l+(32q)^h{ü)2)P 2'^

=

p o H { l —' i v 2 ) + d

K2 W2
KlUlWi -t- K2P2Ü)2
(A8.2.216)

Adding fj^i x (A8.2.21a) to p 2 x (A8.2.21b) and rearranging gives the second equilibrium equation,
^~d

~ '^1) + ^^2(1 ~ '^2)}{(1 + Piq)’h { w \ ) P i -f- (1 -f- P2q)d2{'W2)P2 ~ 1} = 1
(A8.2.22)

with the graph of the left hand side of (A8.2.22) given in Figure 8.4. From this graph we note
that when hosts are of high resistance {p\ = 0.1) we get only a single stable equilibrium, and
when hosts are of low resistance {p\ — 0.9) three equilibria arises with the two stable equilibria
separated by an unstable equilibrium.
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Now recall from (A8.2.16) that W2 — 721^1/(71 + w i). However, we also have from (A8.2.20b)
that W2 = {KiiJ,iP2 /K,2 fi2 Pi)'Wi. Hence, (71 + iDi)ki/xiP2 = 72/«2A^2A , which gives,

Wi =

7 2 « 2 M 2 A

-

------------------

7 l« ^ l/^ 1 ^ 2

K1 II1 P2

_
W2 =

,

72«2M 2^^1

-

7 1 « iA 1 1 ^ 2

rko

.

n no\

(A8.2.23j

K2//2 "1

For a positive equilibrium, we therefore require 72/^2M2-Pi > 7 i/^i/^i-P2- Using (A8.2.15b), this
gives ii 2 P\ > fJ'\P2 , which holds if and only if,
P\ > /j,i,

-P2 < /^2-

(A8.2.24)

Writing P = P\ and 1 —P = P2 and using (A8.2.15b), (A8.2.23) takes the form.

Also, we require tDcr < 1, and using (A8.2.15b) again, this is satisfied provided.

P] < /

= --------------

, P2 > /

=

----- —

K i f l i + «2/^2

------.

(A8.2.26)

/tljU l + # 2 ^ 2

From (A8.2.24) and (A8.2.26), it follows that a necessary condition for the existence of a non
zero equilibrium is that fi\ <

i.e. «2 < Ki- However, our assumption that 71,72 > 0

implies that this is automatically satisfied (see (A8.2.15b)). Using (A8.2.25), the left hand side
of (A8 .2.22) can now be expressed as a function of the single variable P. We also have.

Thus, both wi and W2 are increasing functions of P. First note from (A8.2.15b) and (A8.2.16)
that

W2~wi =

71 + Wi

> 0.

(A8.2.28)

Thus, (1 — W2) < (1 —w i). In fact, from (A8.2.25),

1 —W2 = (1 —ü)i)—
71

= ( 1 —u)i)
+

.

(A8.2.29)

/^2 Pl

Write the left hand side of (A8.2.22) in the form [p^H/d)M.Q{P). Then, using (A8.2.29), and
noting that p i { l - w\) + ^^2(1 - m ) = ^ /^ i( l - û)i) = t^M2(1 - W2 ), we have

A4o — pi{^ —W\) { { 1 Piq)Ji{wi) — 1 } p2{^ ~~ W2 )

P2Q)J2{w2) —

■

(A8.2.30)

301

Consider the limit as P i fi\. Then {w\ , W2 ) —> (0, 0), and it follows from (A8.2.30) and (A8.2.9)
that,

d

^

d

{m (1 +

+ //2(1 +

- 1} = (
'
\

i + ^d ) n
o
J ^

Thus, {poH/d)M.o{fJ'i) > 1 if T^o > 1- On the other hand, when P t

d
(A8.2.31)

then {wi,iV 2 )

(1,1),

and so (A8.2.30) implies that [p^H/ d)M.Q[ji^) — 0. It follows that, if the zero equilibrium is
unstable, so that Pq > 1, then there is at least one value of P in the range

< P < p}

for which (A8.2.22) holds. Then any such value of P defines a non-zero equilibrium given by
(A8.2.25).
The above argument also shows that the non-zero equilibrium is unique provided M. q{P) is
monotonically decreasing as P increases in the range p\ < P < p } . We shall show that this is
the Ccise under certain conditions.
Now, w\ and W2 are monotonically increasing functions of P by (A8.2.27). Thus, if J<j{wa) is
non-increasing, it follows from (A8.2.30) that M.o{P) is monotonically decreasing for all values
of P for which (1 -f (3(jq)J(j{'Wa) — 1 > 0. We have therefore proved the following proposition.
P r o p o s itio n 8.5. If TZq > 1, then there is at least one non-zero equilibrium of the system
(8.5.1). Furthermore, if, in addition, Ja{wa) is a non-increasing function with,
.4 (1 ) >

^ "I PaQ

(.48,2.32)

for a — {1 ,2 }. Then the non-zero equilibrium is unique.

(ii)

S ta b ility o f a n o n -z e ro eq u ilib riu m .

Our aim in this sub-section is to prove the following proposition concerning the stability of the
unique non-zero equilibrium guaranteed by Proposition 8.5.
P r o p o s itio n 8 .6 . Assume that p \ , p 2 > 0 and 7?.o > 1. Let {wi,û) 2 ,F ) > (0 ,0 ,0 ) be a non
zero equilibrium of the system (8.5.1), satisfying J'^{wa) < 0 and,

JaiWa) > T - V - ’
for G — {1 ,2 }. Then the equilibrium is locally asymptotically stable.
The remainder of this subsection is devoted to the proof of Proposition 8.6.
Proof. The Jacobian matrix at the non-zero equilibrium has the form.

(A8.2.33)
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^

-

{k.1

+

Ji=

p

o

F

0
\^pi

{

k .i

{1

+

p q

F ]

^

P2

+

\

m w i / F

( « 2 + PoF) ^

-

P i q ) À i

0

)

P2Q )^2

+

P

K2 W2 I F
q

F }

^

— { p o H Ë F d ) j

(A8.2.34)

where

Âa = Ja{Wa) + Ja{'’d’<r)Wa,

B = 1 - {piWi F P 2 W2 ) .

(A8.2.35)

Notice that because p\ + p 2 = ^ then B = p i { l — w\) + /Li2( l — W2 ) > 0. The characteristic
polynomial F 1 of

Fi(A)

J i , is,

=

Det {XI - J i )

—

+

(« 1

+

+ («1 +

(A8.2.36a)

pqF )

F )

p q

+

(^ 2 +

— ^

^A + { k 2 + Po^)

"h

{ « 2(1 +

^

P2Q )Â2

+

P qH B

p o F

+

( i) —

} — —

(1 + Piq)Ai + PoF}

(A8.2.36b)

Writing (A8.2.36b) as Fi(A) = A^ + aiA^ + (I2A + 03, we obtain,

a\

—

(«1 +

PqF^

—— h { k ,2 +

P o F )—

0-2

=

(/ti +

P oF )

{k

2

+

P oF )

—h{ p o H

A2

K j

^

+ (ki +

+ d)

B

P qF )

{ p o H Ë

( k 2 + poF){poHB + d ) —
{ « 2(1 +

as

=

(/ti +

P oF )

(A8.2.37a)

+ d)

+

+ Po-^}

----

+ PoF} F

(k 2 +

p o F ) { p o H B

(A8.2.37b)

+ d)

K 1K 2

( « , + p „ F ) f Ë g ^ { « , ( l + f t g ) Â 2 + P o f}
^
F
K\K2
(«2 + PoF) — ^

{ ^ 1(1 + l3\q)Ai + PqF}

■

Substituting from (A8.2.13) for poF = KcrWa/{l - Wa) and k,^ = PaKai we obtain.

(A8.2.37c)
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ai

— —

^

—r + jz
4- {poHB + d)
{I-W 2)

mm
{1 - w i ) { l - iÛ2 )

7]i{poHË + d)
(l-û )i)

(A8.2.38a)

rj2{poH Ë d)
{ I - W2)

m p i {(1 - W i)(l + Piq)Ài + Wi} poH - P2 P2 {(1 - W2){1 + (d2q)M + W2 ] PqH
(A8.2.38b)

P1 P2 P 1
|( 1 —iu i)(l
(1 - W2 )

(3\q)Ai + Wi} pç)H

(A8.2.38c)

Clearly a% > 0 always, and 03 > 0 if and only if,

^ ^ | / a i ( l - w ) i ) {(1

-

rDi)(l + P i q ) À i

+

wi } + p 2 { ' ^ - ' W2 ) {(1

-

W2){1 + ^29)^2 + fÛ 2}-B

j

<

1,

(A8.2.39)
and from the definition of Ë this gives,

^^

—'W\Ÿ {(1 +

— 1} + )U2(1 —W2 Ÿ {(1 "h Ë2q)Â2 — 1} ^ < 1 .

(A8.2.40)

Write the left hand side of (A8.2.40) in the form {poH/d)J\fo{P). Then, A/q — A/i + A/7, where
A/i = p i { l —Wi)"^ {{1 + Ëiq)J\{wi) — 1} + //2(1 —’^ 2 )'^ {(1 + P2 q)'^2 {w 2 ) — 1}

(A8.2.41a)

and
= p i [ l —iDi)^(l + j3iq)J[{wi)w\ + )Li2(l ~ ô)2)^(l + Ë2q)'J2{w2)w2-

(A8.2.416)

Note that M[ < 0 if J \{w \) and .72(0)2) are both non-increasing (Figure 8.3). Hence, in this
case, Ao < A/i for Pi in the allowable range

< P\ <

. Now write the left hand side of

(A8.2.22) in the form {poH/d)M.o{P)^ where A4q is as in (A8.2.30). It follows from (A8.2.30)
and (A8.2.41) that A/i < A4o, because (1 + Paq)J(r{ü>c7 ) — 1 > 0 for rr = {1 ,2 } by (A8.2.33).
Hence,

(^)

^(^ )

^(^ )

Further, this inequality (A8.2.42) is strict because at least one of the inequalities {l+Paq)Ja{'Wa) —
1 > 0 must be strict by (A8.2.20a). This shows that (A8.2.40) holds; i.e.

> 0.

To complete the proof of Proposition 8.6, it remains to consider the third Routh-Hurwitz
condition, aiU2 —aa > 0. From (A8.2.38), we may write
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4“ ^2 +

(A8.2.43a)

ai

—

CL2

= 6^2 + (^1 + ^2)C ~ 6-^1 “ ^2-^2

03

=

^1^2 {C “

C

-^1 “

^2}

(A8.2.43b)

•

(A8.2.43c)

where,

&

=

(A8.2.44a)

I - Wa
= po H B- \-d

^
Z a

—

~

fj,a{^

(A8.2.44b)

W a )

-

{ { 1

W a ) { l

P a Ç ) Â a

W a \

•

(A8.2.44c)

Thus,

a i

02 —

03

12

—

^ ^ (^ l +

^2) +

C 1C 2C +

(C i^ i + C 2^ 2) -

(C l +

2

C )^ C +

C (C i^ i + C 2Z 2) -

(C l +

2

C )C ^ — C iC

2(' 2’i

+

Z2) ~

C1C2C + C i C 2 ( Z i + % 2 ),

(A

8 . 2 . 45)

w h ic h sim p lifie s a s fo llo w s,

0102 -

03

=

C iC 2(C i +

C2) +

(C l +

C 2)^ C +

(C l +

C 2)C ^ “

(C i^ i +

C l^ 2 )-

C ( C i '^1 T C 2 ' ^ 2 )

=

(C l +

C2) {C 1C 2 +

C2 (C 2 +

I n p a r tic u la r , 01O2 -

=

(C l +

—

Cl (C l +

03 >

0 if

+

(C l + C 2)C

C^} ~

Cl (C l +

0 -^ 1

C) {C2 +

Z i

<

C) ~

Cl ( C l +

0 -2^1 ~

^1} +

C 2(C 2 +

C) { C l +

C )(C 2 +

C2 +

C “

C and

%2 <

Ci +

C 2(C 2 +

C ~

8. 2. 46a )

(A

8 . 2 . 46b )

(A

8. 2. 46c )

(A

8. 2. 46d )

~

()^2

C 2)(C i +

(A

C )-^ 2

^2}

C-

N ow ,

Z\

=

/ z i ( l — iD i)

{(1

3

— îï)i)(l + / ig )Â i +

îD i}

(A

8. 2. 47)

and

C2 + C —
Hence, Z\ < C2 + C if

^ _— h d +
1 —1C2

{/^i (1 ~'O’l) + /02(1 — u;2)}

(A8.2.48)
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m ( l-% )" {(! + A

,

- 1 } ^
(1

< l + - ^ ^ + P2( l - t t ' 2) ^ i —W
o
(I
W2

(A8.2.49a)

Similarly, %2 < 6 + ( if,

Wi

But, because ,J'^{wa) < 0, (A8.2.49a,b) hold if.

—W\Ÿ

(3\q)J\{w\) —

— < 1,

M 2 (1 -» 2 )^ {(1 + Æ î )./2( w2 ) - 1 } ^

< 1.

(j48.2.50u)

(A8.2.506)

However, the left hand sides of (A8.2.50a,b) are non-negative by (A8.2.33), and hence (A8.2.50a,b)
must hold because of (A8.2.41) and (A8.2.42). It now follows that uiU2 —03 > 0, and so Propo
sition 8.6 is proved.

□
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Chapter 9
TICK MODEL II: FREE-LIVING PHASE

9.0 Introduction
Chapter 9 investigates models of tick population in the free-living'’ phase of its development
when ticks are off-host undergoing ecdysis (moulting) for the case of larvae and nymphs or
waiting for a passing host to attach and feed for the case of all stages or laying eggs for the
case of females. The different transition stages and likely feeding paths are modelled using a
system of 16-dimensional ordinary differential equations. The analysis of the model incorporates
stability analysis that yields a tick population ‘cost of feeding’ index, which is integrated into
a measure of ^zebu content’ that quantifies herd resistance based on ^^free-living” phase post
feeding tick data. Numerical simulations illustrates sensitivity of tick population to changes in
various parameters.

9.1 Summary of main results
The analytical results from this chapter provides us with several key findings of ecological and
biological significance. There is a linkage between the three important tick terms, namely the
^basic reproduction ratio\ TZ\ the ‘tick reproductive function’, ^(M/) as a function of tick-load,
W\ and the measure of ^zebu content\ C that quantifies herd resistance. The principal factor
in all the three is the tick reproductivity that is deduced from the quantity and quality of egg
mass produced. Similar to what we observed in Chapter 8, we also find that the measure of
^zebu content’, C provides us with a sufficient condition for the lowering of the tick population.
We have shown that the ticks’ feeding sequence and the resulting effects of host immunological
responses to ticks’ life history are important and crucial determinants that ultimately influence
the ticks reproductive capacity. Our results have shown that the final production of egg mass
sums up the tick life history through all the developmental stages, and also indirectly tells us
the host resistance it encountered in the course of its feeding. A unique feature of our model
system (9.3.1) is that it relates the overall tick reproductive capacity to the tick instar feeding
patterns from the larval to nymphal and finally to egg laying adult stages, thereby availing to
us post-feeding tick data from a cross section of animals in the herd.
Therefore, the measure of '‘zebu content’, C computed will tend to give a more realistic quantifi
cation of herd resistance, compared to when such a measure is determined from only a single
instar stage, similar to what has been elsewhere [52, 54, 320, 324]. We have also shown that by
relating tick 'basic reproduction ratio’, TZ to expected egg mass, we observe that the greater the
proportion of time a "‘parasitic” phase tick spends on a resistant host, the lower is the transition
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probability, from ^^parasitid^ phase to '’'‘free-living'^ phase and the lower the resulting egg mass.
The numerical simulations have shown that future trends of tick population at all stages of the
developmental life cycle are very sensitive to the host immune defence mechanisms, which in
our case is represented by the host 'index of susceptibility’,

9.2 Ticks in ‘‘free-living^^ phase
When not feeding on a host the tick is in a "free-living’ phase on the ground either waiting for a
host on the vegetation in a characteristic ‘waiting attitude’, undergoing ecdysis (moulting) and
hardening or laying eggs for the case of females [33, 286, 291, 299]. The length of duration of
a particular process depends on its rate, and the rates depend on the environmental conditions
prevailing (Table 7.1, page 257). Host resistance is a function of on-host tick density hence host
resistance to tick infestation is expressed more and more effectively as number of attaching ticks
increase. However a sustained increase in "parasitic” phase tick density will indicate a lowering
of host resistance.

9 .2 .1 In d e x o f s u sc e p tib ility ,

I{a)

We are going to consider two types of hosts: “susceptible” {S; a = 1) and “resistant” {R-, a = 2);
e.g. B. taurus and B. indiens. The index a then refers to the susceptibility of the host to tick
attack and to the strength of its induced immune response. We will assume host susceptibility
can be measured by a susceptible index [la)-, which gives an indication of how susceptible a
host is to tick infestations. It is a function of the on-host tick load, w, which is made up of
larvae (L), nymphs [N] and adult ticks {A) that are attached and feeding on the hosts. Since
I(j is an index of susceptibility rather than resistance, then the larger la is, the more susceptible
is the host.
In the initial stages of tick infestation, la decreases as w increases indicating an increeise in
host resistance (Figures 8.1 and 8.3) but levels off or increases if an increase in w is sustained
for a considerable period of time indicating an increase in host susceptibility. Latif et al. [57]
computed what is probably the first case of quantifying host resistance based on experimental
data and found the respective bounds of 7*^^. They observed that for susceptible hosts (a = 1),
> 1.31 (minimum susceptibility) and for resistant hosts (a — 2),

< 0.77 (maximum

resistance) with hosts having moderate resistance being in between the two boundary values.
Nevertheless, we shall not restrict ourselves to these measurements, since we want ours to be
such that I* -i- la — 1. We now assume that there is a functional relationship between la and
w which can be expressed as
®'^Note th at in our case, if

I *

is the index of resistance, then /cr — 1 —

is the index of susceptibility.
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4 (w )

, h(ui),
^
/ 2(w),

(7 = 1 then host is susceptible (S)

'

,
(9.2.1)

(7 = 2 then host is resistant {R)

with (7 G { 1 ,2 } being the susceptibility status of the host where if (7 = 1 then host is more
susceptible (S'), and if (7 = 2 then host is less susceptible (resistant) {R). Chiera et al. [287]
identified eight feeding combinations {h) that are possible for a 3-host tick that feeds and
develops successfully from larvae to adult stages (Figure 9.1). The h — { i j k } feeding sequence
means that a larva, nymph and adult feeds on host having status i , j , k , respectively, where
these statuses can either be susceptible or resistant, with i , j , k G (1, 2}. They reported that the
ticks’ past feeding history plays an important part in influencing the ticks’ futurereproductive
capacity and that resistant hosts reduce the percentage of ticks feeding successfully on them at
each instar.
Chiera et al. [287] further reported that the more often a resistant host is encountered in the
tick development life-cycle, the more its future feeding abilities are reduced, culminating in a
greater reduction in the final egg production, with the larval stage being more severely affected
than the nymphal and adult stages [287]. Since the rate of development is the most important
single variable influencing the tick’s intrinsic rate of natural increase [298], then we can assume
that the feeding history of the individual 3-host tick is crucial to the population dynamics of
the tick population.

9 .2 .2 M o d e l a ssu m p tio n s
The model formulation will be assumed to follow the general development cycle outlined in
Figure 9.1 for a 3-host tick. Model assumptions outlined in Section 8.3 of the “paraszizc” phase
model are valid in the “/ree-Zzmn^” phase too and hence will be taken as they are. However,
we shall include one more assumption that will be used in the formulation of the “/ree-/m ng”
phase model.

A s s u m p tio n 1
We consider the possible feeding histories for the various tick-life stage (Figure 9.1). If we let
F{h) be the density of ^'’free-living''^ tick instars with previous feeding history h. Thus h = {)
means there is no previous feeding history in which case F () = L, the density of “/ree-Zzung”,
pre-feeding larvae population.

Similarly F{i) — N{i) is the density of nymphs which have

previously fed (as larvae) on a host of resistance type z, F { i , j ) = A{ij) is the density of adults
which have previously fed (as larvae and nymphs) on hosts of resistance type z and j . Finally,
F { i , j , k) = A{i jk) are adults which have a feeding history h = (z, j, k) where z, j, k G (1, 2}.
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EGGS
L A ID

6r s s

Figure 9.1: Feeding and reproductive cycle of a 3-host tick R.appendiculatus. Different instar
stages larvae (L), nymph {N) and adults {A) can be picked up by susceptible (S') hosts with
probability fi or by a resistant (i?) hosts with probability 1 —
ties of transforming from one instar stage to the next are given by

The transition probabili
where h = { ij k } =

(SSS, SSi?, Si?S, Si?/?,, i?SS, i?Si?, /?i?S, RRB) are the instars past feeding histories from larva
to egg laying adult, and

is the emergence rate of larvae. For ease of writing, the notation

S - 1 and /?, = 2 is used in text so that h = { i j k } = (111, 112,121,122,211,212,221,222).
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A s s u m p tio n 2
We denote 6{ha) the ^Hransition prohabiliti/^ of a tick at stage F{h) to a tick at stage F{h,ci)
given that it has been picked by and has began feeding on a host of response status a where
a G {1,2}.

For example, S{ij)^ '^ is the (conditional) ''''transition probabiliti/'’ for the instar

transition F{i) = N{i) — > A{ij) — F { i , j ) , given that the nymph of type N{i) has began
feeding on a host of resistance type j.

9 .3 F re e-liv in g p h a se m o d e l
The construction of the ^''free-living'' phase model is based on the fact that individual members
of the tick population have a life history that takes them through three stages of larvae, nymph
and adult, and in the process of developing feeds on hosts of varying resistance. In total there
are eight possibilities that each individual tick can go through (Figure 9.1) but only one out
of the eight possibilities will be followed. I would like to make it clear that the stages being
modelled in the tick’s life cycle are the stages after emergence from a successful transition prior
to the next feeding for the case of emerged larvae; nymphs and pre-fed adults; fed-adult stage
after successful feeding and prior to metamorphosing into egg mass; and the egg laying stage.
Using the schematic outline given in Figure 9.1, we see that;
Larvae: This is the stage indicated by the box labeled
N y m p h s:

[l7|.

This will give one equation;

These are stages indicated by the boxes labeled N s

and [ n

This will give

R

two equations;
These are stages indicated by the boxes labeled A s s , A s r , A rs and

U n fe d ad u lts:

A

s

A

r

r

s

A r r . This will give four equations;
Asss
A

s

r

r

E ggs:

,

A

r

s

s

,

A

r

s

r

,

A

r

r

s

and

A

r r r

A

s

s

r

,

A

s

r

s

. This will give eight equations;

This is the stage indicated by the box labeled EGGS LAID . This will give one

equation.
In total we get 16 ODE’s that are given by (9.3.1). Adult females which have achieved their
final instar stage give birth to eggs. In fact they (almost) literary metamorphose into an egg
mass (Figures 7.7 and 9.1). We assume they do this at a rate r^E- However, the density of eggs
produced in this transition will depend markedly on past feeding history of the adult (Figure
9.1), and we suppose that an adult with feeding history h produces (on average) an egg mass
of density 9[h)^ and we further assume that t e l denotes the emergence rate of larvae from
^■^Note that, in Figure 9.1 th e notation
w here 5 = 1 is for susceptible host
P a r a s i t i c

phase model.

( S )

and

5 i j k

is used for what we are calling

and <5 = 2 is for resistant host

( R ) .

T his is sim ilar to

and
5cr

5 { i j k ) ,

in Section 7.4 of
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eggs (Figure 9.1). From the possible feeding and reproductive outline (Figure 9.1) and using
(8.3.5c) and (8.3.6c), the life-history model of a 3-host tick population in free-living^ phase
can be expressed by the following 16-dimensional dynamical system

dE

=

Tab ^

—

telE

dN{i)
dt

=

S{i)fi{i)poHL - d ^ N i i ) - poHN{i)

(9.3.1c)

dA{ij)
dt

=

( ^ (Ü )//(j)p o ^ A f(i) -

( 9 . 3 . 1d )

dA[ijk)
dt

=

6{ijk)p{k)poHA{ij) - TAEA{ijk)

——
dt

Here, dp —

d/v,

6{ijk)A{ijk) - d s E -

telE

—di^L —pqH L

(9.3.1a)

(9.3.1b)

d y ,A ( % j ) -

(9.3.le)

is the feeding-history independent death-rate of ticks at free-living^

stage F , where F = L + N

A and

2

N

=

X^AT(?;)

(9.3.2a)

i=\
2

A

=

(9.3.2b)
i,j=l
2

E

2

J2

=

i,j,k=l

(9.3.2c)
i,j,k=l

For ease of reference,the meaning and units of state variables andparameters used in (9.3.1)
and (9.3.2) aresummarized inlist of symbols and notations on pages

20-23. Of all the tick

instars, unfed adults A{ij) are the most resilient and can survive for long periods under adverse
environmental conditions [289]. However, fed adults A{ijk) survive for short periods of time
since once fed, female adults either lay eggs and die or just die off due to some other factors
such as predation or adverse environmental conditions.
Nevertheless, despite the significant mortality rate that engorged female adults experience [219,
248, 283, 289, 334), this term will not be taken into consideration in our models, we will assume
that once engorged female adults drop off, they die through metamorphosing themselves into
quantity of egg mass at a rate

vae

(9.3.le). However, because of the short survival period of

fed adults, we assume that A{ijk) attains equilibrium on a much faster time scale than other
life-history stages so it is reasonable to assume that this life-stage (9.3.le) is at equilibrium,
that is.
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= > rAEA{ijk)

=

0

(9-3-3a)

=

6{ijk)ii{k)poHA{ij)

(9.3.3b)

and on substituting (9.3.3b) into (9.3.1a) we obtain the 8-dimensional model given as

2

dE
dt

——
dt

poH Y ] 4>{'^j)A{ij) - d s E - Te l E

— rj^i,E —d[jL —PqH L

dN{i)
dt

=

6{i) p{i) p q H L —di\fN[i) —p q H

dA{ij)
dt

=

<^(u)A^(j);Oo^Ar(%) - dy,v4(û) -

(9.3.4a)

(9.3.4b)

N { i)

(9 .3 .4 c )

(9.3.4d)

where in the notation of (8.2.4) we have

(^(U)

=

^0(Û'1)(5(U1) + (1-/:)^ (U 2)(^ (U 2)

(9.3.5)

9.4 Host response to tick load, u
Host response to tick infestation (on-host tick load) is a complex array of host immunological
responses that attem pts to inhibit blood meal acquisition by the attached ticks [60, 284, 305,
306, 307]. A susceptible host (rr = 1) will provide good feeding ground for ticks whereas a
resistant host (cr = 2) will not be ideal because ticks feeding on such hosts experience serious
problems in their development cycle [287, 305, 314].
Let I{(t ) denote the index of susceptihilüÿ'^ of a host of resistance type cr. This index measures
effectiveness of the host’s induced response to the presence of ticks. Thus, low values of 7(cr)
indicate low susceptibility (high resistance), and high values of /(cr) indicate high susceptibility
(low resistance).

A s s u m p tio n 3
The conditional transition probabilities 8{h) will be assumed to be proportional to levels of
susceptibility, /(cr), hence they will have the form
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J(z)

=

(^0/ ( 2)

(9.4.1a)
(9.4.1b)

5{ijk)

=

ôoôijI{k)

(9.4.1c)

where 60 is a constant which is independent of the host resistance type, the life-history stage
and feeding history of the tick; ôh is a ^^stage-specifid^ constant associated with past feeding
history h. if

is constant then 6{ij) = 6{i)0{j) = 6i6j — Sij. It now follows that, when

susceptibility indices are high, the transition probabilities are also high. This is good from the
ticks point of view, but bad from the host’s.

A s s u m p tio n 4
The on-host tick load,

uj{ct),

on a host of resistance type a is proportional to the product of

the rate of uptake, /L4((t), of '‘'‘f ree-Uvinçf ticks (at all stages) and the host’s susceptibility, I{cr).
Thus

u {(t )

=

p[<j)I{a)W

(9.4.2a)

where

W

=

N A )

(9.4.2b)

with W being the population of free-living'^ ticks that has been picked and successfully fed
on a host, wo is a constant independent of the host’s resistance type and the tick’s life history
stages and feeding histories. Equations (9.4.2) describe the influence of on-host tick load, w, as a
population phenomenon; that is, when a population of hosts is exposed to a population of ticks,
and given the susceptibility index, /((t), of each host type. However, there is also an individual,
immunological response to tick load, due to which the susceptibility itself is responsive to tick
load. This is described by the following.

A s s u m p tio n 5
Susceptibility, I, is a function of tick load, w, via the immune response mounted by the animal
when challenged by a given tick load. Thus, there is a function, I — /^(a;), such that I (a) =
7(7(w((%)). The form we shall take for 7(w) is given as

/{ „ )

=

1-

(9.4.3)
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where a > 0 measures the ‘effectiveness of attachment of how ticks are establishing themselves
on the host (rate of attachment) with a —>■0 being bad for ticks and a

Ka being good for

ticks where Ka Z§> 1, 0 < ;9o < 1 is the Hnitial host resistance^ with /3o —> 0 being good for
ticks and (3q

1 being bad for ticks, and Pi > 0 measures the ^effectiveness of host immune

response^ to tick challenge with /3i —> 0 being bad for ticks (good for hosts) and P\

oo being

good for ticks (bad for hosts). This function has the following properties

0 < I{uj) > 1

for all w > 0,

(a)

7(0) = 1 - /3o > 0,

(6)

7 (w) —^ 1 as (jj —y oo if Pi > 0,

(c)

7'(0) < 0 if and only if /3q(1 + aPi) < 1

(d)

(9.4.4)

Condition (9.4.4d) gives the necessary and sufficient condition for susceptibility to be initially
decreasing as w increases from zero, which models the protective effect of the immune response
to low tick loads. On the other hand, condition (9.4.4c) asserts the maximum susceptibility
(7 = 1) is attained asymptotically as w increases, which models the collapse of the animal’s
immune system response as tick load overwhelms it. Here a, Po and Pi depend on the species
specific resistance type a G {1 ,2 }, which determines the dependence on a in
This function (9.4.3) assumes that depending on the tick load, resistance and susceptibility are
hosts traits that are easily interchangeable which might not be the case because herbivore hosts
in tick endemic zones have developed a capacity to co-exist with ticks and hence withstand large
tick load for lengthy periods of time despite massive reductions in their productivity. Later we
shall focus on specific models for each host status that reflect this phenomenon. A typical graph
of the function 7(w) is shown in Figure 9.2.
It is clear from Figure 9.2 that an animal, which in an unchallenged state has a high suscep
tibility, mounts a vigorous and increasing immune response as tick load increases from zero,
having the effect of reducing the susceptibility 7(w). If Pi = 0, the function (9.4.3) continues to
decrease as w increases, and decreases asymptotically to zero as a; —> oo; that is, the immune
response increases in strength, eventually saturating in the state of zero susceptibility.
However, in practice it is unrealistic to suppose that the immune system could cope with
arbitrarily large tick loads in this way, and the exponential term with /3i > 0 in (9.4.3) models
a scenario in which there is a tick load beyond which an animal’s immune response can no
longer cope effectively, and such that susceptibility slowly increases again as tick load increeises
beyond this point (Figure 9.3). It seems unlikely that this latter region is ever reached under
natural conditions, but it may perhaps be accessible in the laboratory.
By combining (9.4.2a) and (9.4.3), we obtain
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Figure 9.2: Typical graphs of l(w ) in (9.4.3). The continuous curve (a) has /3i > 0 and the
dotted curve (5) has /3i = 0. The tick load scale is arbitrary.

w

(9.4.5)

It now follows from Proposition 9.1 in Appendix A9.1 and equation (9.4.5) that, if fi{cr) > 0,
then I = /a (IF ) is uniquely defined as a function of W. Typical graphs of Ia{W) are shown in
Figure 9.4
The density dependence of the functions S{h) in the models (9.3.1) and (9.3.5), now arises from
the hypothesis (9.4.1) in Assumption 3, together with the density dependence just described
for I{(j) =

(Proposition 9.1). The only other feeding-history dependent parameters in

these models are 6{h).

9.5 Analysis of the tick-free equilibrium
We first consider the tick-free equilibrium of the model (9.3.1), when

E

L = N{i) = A{ij) -

A{ ijk )

=

0

(9.5.1)

A non-zero tick population is viable if and only if this equilibrium is unstable. To determine
when this is the case, let h = (%,j. A;) be a feeding history for a tick which survives all its
^'‘f ree-livin(f’ phases, and define
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Figure 9.3: A steady increase in tick load in a host whose immune response can not cope
effectively (a) is likely to succumb to illness at point t , and for that resistant host whose
immune response is now overwhelmed by massive tick load (6) is likely to succumb to illness at
point 1- These points have been chosen arbitrarily for purposes of illustration.

(9.5.2)
Note that the expression ii{i)6{i)ii{j)6{ij)ii{k)5{ijk) is the probability that the tick experiences
(and survives) the feeding history h,, conditional on its free-living survival, and 6{h) is the
resultant egg mass at the end of the process. Thus, if we divide the life-history of a tick into
two phases, the “/ree-Zwzng” phase, which we call the JF-phase, and the “parasziic” phase (when
the tick is feeding on a host), which we call the P-phase, then 6{h) is the part of the expected
final egg mass produced by an JF-phase surviving tick, associated with the history h. Hence,
the total expected egg mass produced by a JF-phase surviving tick, is

9

(9.5.3)

=

At steady state, equations (9.3.1) yields a dimensionless parameter which we call the “6aszc
reproductive ratid’’, TZ which is given by

n

(9.5.4)

=

{dE

+

r EL) { dL

+

PoH){dr^

-f

poH){dA

+

poH)
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Figure 9.4: Typical graphs of 7 — lo-(lF) derived from the functions in Figure 9.2.

The

continuous curve (a) has j3i > 0 and the dotted curve (b) has /3i = 0.

The multiplier of 0 in 77. may be identified with the probability that a tick survives the .F-phase
(free-living) and successfully makes all the required transitions to the 7^-phase (parasitic). Thus,
77 may be identified with the expected egg-mass produced at the end of its life by a newly born
egg.
Through the description given in Proposition 9.2 (Appendix A9.2) in connection to the ‘ba
sic reproductive ratio\ 77. (9.5.4), we now have the necessary and sufficient conditions for the
viability of a non-zero tick population that 77 > 1. Notice that 77 (9.5.4) is a monotonically
increasing function of host density, 77, with 77. = 0 when 77 = 0, and 77 —> 77qo as 77

oo,

where

77oo

=

-ë
dE + f^EL

(9.5.5)

Thus, a necessary condition for the existence of a viable tick population is for

77.

>

1

(9.5.6)

Given this condition, there is a ‘critical host density\ 77*, such that a non-zero tick population
is viable if and only if 77 > 77*. This critical host density satisfies 77 = 1, and is determined
by the unique positive root of the equation.
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— x + l\
x + 1^ ( — x + l \
po
J \Po
J \Po
J

=

TZoo

(9.5.7)

where x = ^ . Notice that H* decreases as T^-co increases (Figures 9.5).
It is clear from Figures 9.5 that as we vary the constant associated with tick/host encounter,
Po, for arbitrary values we notice that the tick population reproductive capacity has to vary to
maintain the same tempo assuming host density is fixed. For large values of po (Figure 9.5(1))
the need for ticks to have a large reproductive capacity to maintain the same population is
minimal, whereas as po decreases (Figure 9.5(2)) that need increases and when po is small
(Figure 9.5(3)) then clearly the tick population needs a large reproductive capacity to survive.

9.6 Relating tick viability {TVj to expected egg mass {6)
Now consider TZ as a function of p = p (l), the proportion of susceptible hosts in the host
population. Only the term B in (9.5.4) depends on p (recall from (8.3.4) that p(2) = 1 — p.
Thus, for r = 0,1, 2,3, define

^

=

Ar

=

{(?;, j, fc) : 1 < ?;, j. A: < 2 and i + j + k = 3-\- r}
^

6{ijk)S{i)S{ij)S{ijk)

(9.6.1a)
(9.6.1b)

{ i , j , k) eA{ r )

Then, from (9.5.2) and (9.5.3) we may write.

e

=

(9.6.2)
r=0

Now note that the larger r is in (9.6.1), the greater is the proportion of the "P-phase of a tick
spent on a resistant host; hence the lower the transition probability, ô{i)ô{ij)ô{ijk), from the
P-phase to the JP-phase, and the lower the final egg mass, 9{ijk). We may therefore assume
that Ao > Ai > Â 2 > As > 0. In addition, it is reasonable to suppose that the introduction of
a small number of susceptible hosts into a population of purely resistant hosts can only increase
the expected egg mass, B. If we now let from (9.6.2) that B = 0(p) then we see that

B (p) — (3v4o — v4i)p^ + 2(Ai —yl2)p(l

p) T (^42 —3A g)(l —p)^ > 0

(9.6.3)

for p > 0. Thus, we can now assume from (9.6.3) that

^ (0 )

=

(^2 - 3v4s) > 0

(9.6.4)
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Figure 9.5: Typical graph of TZqo (a), in relation to T^oo = 1 (b) for arbitrary po values. In
graph (1), Po — 2.067; in graph (2), po = 1.067 and in graph (3), po = 0.067. For graph (3),
because of the large TZoo values, the line TZqq = 1 is hardly noticeable.
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It now follows that 0 is a monotonically increasing function of fi. We further obtain from (9.6.3)
that

9 (//) — 2[3Aq — 2A\ + A2)fi + 2(Ai —2 A 2 + 3A3)(1 —/i) > 0

(9.6.5)

for // > 0. Thus, we can now assume from (9.6.5) that

9 (0)
A2

— A\ —2 A 2 T 3v4^ ^ 0

(9.6.6a)

<

(9.6.6b)

-(A i + 3A3)

and hence (9 is a convex increasing function of fx. A typical graph of 9{ii) under these assump
tions, is shown in Figure 9.6.
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Figure 9.6: The convex increasing curve (a) is a typical graph of 0 as a function of fx, given
by (9.6.2).

The horizontal line is ^ = 9*{H) as defined by (9.6.7).

A tick population can

be supported by a host population of density H if and only if ix > fx*-, see (9.6.8) and the
subsequent discussion.

Now define for fixed host density i ï .

r(ff) =

+
tel

j

+
\P o

J

+
\ P 0

where, as in (9.5.7), x = ^ . Then, it follows from (9.5.3) that

J

+i
\ P o

(9.6.7)
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0

=

ne * { H )

(9.6.8)

Hence, the tick viability condition (A9.2.1) is satisfied if and only if

9

>

6*{H)

(9.6.9)

Note that 9*{H) is a decreasing function of H, with

9*{0)

=

oo

(9.6.10a)

when no tick population can be viable, and

9*{oo)

=

1H

—
Tel

(9.6.10b)

which is (ideally) the most favourable possible condition for tick viability. However, for any given
H between these extremes (0 < 77 < oo), the host population can have variable proportions of
susceptible {a — 1) and resistant (a = 2) host types, represented by /li(1) = /li or fi{2) — 1 —fj,
respectively. If H is too small, so that 9*{H) > A q, then no tick population infesting a host
population with a high proportion of susceptible hosts can be viable (// > fi*). On the other
hand, if H is large enough and

9*{oo) < A3, then all possible host populations can support a

non-zero tick population. If A3 < 0*(oo) < Aq, then a certain non-zero

fraction of susceptible

hosts must be present before a tick population can be supported.

9.7 Significance of convexity in 9{/jb)
The significance of convexity of ^ as a function of /x (Figure 9.6), arises from the fact that a
decrease in 9*{H) (corresponding to an increase in H) produces smaller decrease in

11*

than

would be the case if ^ were linear or concave. This means that, in principle, a higher proportion,
/X, of susceptible hosts can be maintained while still keeping /lx < /x*, so that there is no tick
population take-off as H increases, at least until H reaches a significant size, when fi* may
decrease rapidly.
However, in practice, the host densities H at which this is true may be impractically small - the
model does not remain valid when only a few animals are responsible for small host densities.
In this situation, stochastic effects are likely to be dominant.

Nevertheless, this convexity

phenomenon draws attention to the fact that, from the point of view of a farmer whose interest
is in maximizing yield for minimum cost, there is likely to be a subtle trade-off between herd
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density, iJ, herd composition, fi, and the potential costs incurred by failing to avoid a significant
host infestation by ticks.
From this point of view, it is of more interest to describe the threshold value fi* as a function of
H (see Figure 9.7), since fi and H are the variables which are directly under a farmer’s control.
The function fi* — ii*{H) is obtained by solving the equation 7?. = 1 for
that is, solving (9.6.8) with 77 = 1. Noting that ^

as a function of H;

= —x^, we obtain from (9.6.7) and (9.6.8),

de*

(9.7.1)

dx
From (9.6.3), 9 (/u*) > 0, and from (9.6.7) ^

> 0, and hence from (9.7.1) we obtain that

< 0 which shows that fi* is a monotonically decreasing function of H. Notice that there is
a positive host density H q, satisfying /z*(i7o) = 1, at densities below which a tick infestation in
never supportable. At other extreme, 9*{oo) > A3, then /x*(oo) > 0 (see Figure 9.6).
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10

Figure 9.7: The threshold value fi* —

50

as a function of host density. For host densities

below H q, no tick infestation can be supported, whatever fj, is. For densities above H\, a tick
infestation can always be supported, whatever fi is. For H q < H < H\, a tick infestation can
be supported if and only if /i >

In this case, some non-zero proportion of susceptible hosts can be maintained without provoking
a tick infestation, however large the host density. This is probably unrealistic, however, since it
means, in particular, that a population of pure resistant hosts can never support a tick outbreak,
whatever its density. On the other hand, if

9 * { 00)

< A3, then there is a finite host density. Hi,

satisfying fi*{Hi) = 0, above which a tick infestation is always supportable, whatever fj, is. A
typical graph of

f Jb*{H)

is shown in Figure 9.7.
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9.8 The ‘ticks reproductive function^
The ticks reproductive potential is a sum total of all the feeding histories {h) and hence by
implication the ^''free-livinfp tick population, W that successfully feeds and moves to the next
stage. For that reason, we need to obtain an overall Hick reproduction function\ ’F(VF), that
reflects the different aspects of a tick population feeding past. This is done in Appendix A9.3
from which we obtain

<S(W
)= ah(wf +bh(Wfh(W)+ch(W)h{Wf+dh{Wf=C

(9.8.1)

as the Hick reproductive function^ which is equal to a constant C, and where the constant values
a, b, c and d are as defined in (A9.3.7a-d) of Appendix A9.3. The constant term C in (9.8.1) and
whose value is defined in (A9.3.7e) provides us with a cut-off level needed for a tick population
to be sustainable. We observe that this cut-off level will fluctuate depending on the size of
parameters influencing the value of C (A9.3.7e). The meaning and units of these and other
parameters are summarized in the list of symbols and notations given on pages 24-28.

9.9 Effective host immune system against tick load
Because of exposure to tick infestation over a considerable period of time, herbivore hosts in tick
endemic areas have developed immune systems that protect them well against tick challenge.
Therefore, the catastrophic collapse of the immune defences is very rare unless a given host
is weakened by other diseases and other factors such as drought. For that reason, there is a
benign co-existence between hosts and tick populations even when herbivore hosts encounter
a sustained tick challenge. However, the relationship between tick challenge and host defences
is much more complex and dynamic than this, because the time scale may be ‘evolutionary’
(innate resistance) or ‘ecological’ (acquired resistance).
Suitable forms of 7cr(w) that reflect effective host immune system against tick load is given as

4 (w )

=

/3 , -

( 9 .9 ,1 )

UfT 4- w
where 0 <

< 1 is the Hnitial susceptibility leveF with P2 < /^i, ota is the host Susceptibility

gap^ which is host “window of vulnerability” that is exploited by ticks to give them a foothold
on the host. The host immune defence system tries to minimize or close this gap. For resistant
hosts 0!2 = 0 and for susceptible hosts 0 < 0:1 < 1 , and Ua is the ^protective effect of the host
immune response^ where for resistant hosts 02

0 and for susceptible hosts a\

K where K

is some large number. Typical graph of /cr(a;) (9.9.1) is given in Figure 9.8 for a G {1,2}.
So far we only have /^(iA^) (9.9.1) where la is a function of on-host tick load, u. But we do not
yet have an equivalent form for /^(kF) which we are now going to determine for different host
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Q =1

0=2

10

Figure 9.8: Typical graph of

as a function of w for hosts of different status cr G {1 ,2 } whose

immune systems are effective against tick challenge. The susceptibility gap (0 < a i < 1) is the
susceptible hosts limiting value.

status.

9 .9 .1

H o st im m u n e s y s te m b u rd e n e d b u t e ffe c tiv e a g a in st tic k load

If a host immune system is burdened and stressed but still effective against tick challenge then
we can assume that host is susceptible (a = 1). From the algebraic simplification done in
Appendix A9.4(i), we obtain from (A9.4.2) that

h(W )

=

A

(A - O l)w (l)
Û1 + w (l)

(9.9.2)

as the function that relates W (population of ^free-living^ ticks that has been picked and success
fully fed on a host) to w (the ^parasitic' on-host tick load) through the host index of susceptibility,
/ct(^) (9.9.1). The function w (l) in (9.9.2) is defined in (A9.4.1d). A graph of (9.9.2) is given
in Figure 9.9 for the case of cr — 1 showing the wide ^susceptibility gap\ a \ that is exploited by
ticks to have a foothold on the host.

325

9 .9 .2 H o st im m u n e s y s te m v ery e ffe c tiv e a g a in st tic k load
If a host immune system is effective against a sustained tick challenge then we can assume
that host is resistant (cr = 2). From the algebraic simplification done in Appendix A9.4(ii), we
obtain from (A9.4.4) that

/^2w(2)
h{^)

=

P2

0.2

(9.9.3)

+ w(2)

where w(2) is a function of W and is as given in (A9.4.3d), and w and W have same meaning as
in (9.9.2). A graph of (9.9.3) that is given in Figure 9.9 for the case of cr = 2 shows a narrower
^susceptibility gap\ a\ that can be exploited with great difficulty by ticks to have a foothold on
the host.

0-1

20

60

80

100

Figure 9.9: Typical graph of 7^ as a function of W for hosts of diflFerent status cr G {1 ,2 } whose
immune systems are effective against tick challenge.

While the maximum tick load for susceptible hosts is easily achieved (Figure 9.9), the capacity
of the resistant hosts to accommodate a bigger tick load is clearly evident (Figure 9.9). Both
figures, Figure 9.8 for I o [uj) and Figure 9.9 for I<r{W) have similar trends as expected.
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9 .9 .3

R e la tin g ^tick reproductive function' (^ ) to h erd r e sis ta n c e as q u a n tified by m ea 
su re o f ^zehu content' (C)

We now want to relate the Hick reproductive function',

(A9.3.8) to the measure of Hebu

content', C (8.5.2) that quantifies herd resistance which we saw in sub-section (8.5.2)of Chapter
8. The link between ^ and C is via the tick Hasic reproductive ratio', TZ (9.5.4) which we also
called Hick reproductive potential! in Chapter 8. Since we now have explicit forms of I \{ W )
(9.9.2)

and l 2 (W) (9.9.3) then the tick reproductive function (A9.3.8) is now fully defined with

its graph shown in Figures 9.10(a), (b) for the different values of host density, H. By including
7o = ^oPqH into (9.5.4) we now obtain that

^-

(

w

k

r

)

(

4

(9 9.4)

)

From (9.5.7) we saw that the critical host density H* satisfies 72. = 1, therefore from (A9.3.7e),
(9.8.1)

and (9.9.4) we obtain that

I

=^0

=

=

= C

(9.9.5a)

Ô^C

(9.9.5b)

Clearly, it follows from Proposition 9.2 that

> SqC,

tick population is

increasing (a)

= SqC,

tick population is

stable

< ÔqC,

tick population is

decreasing (c)

(b)

(9.9.6)

The value of C gives us an indication of the favourable conditions needed to sustain a tick
population. A tick population in which ^ (W ) < C (Figure 9.10(a)) can not be sustained.
The herd size, (77), and herd composition, (//) are the few parameters that are controllable by
the farmer hence by increasing the host density (77) more ticks have a favourable chance of
being picked up and hopefully feeding and in the process sustaining the tick population. We
therefore notice in Figure 9.10(b) that a high host population (assuming the other parameters
are left constant) will sustain a tick population because ^ (W ) > C always.
The arbitrary host sizes used in Figures 9.10(a) and (b) might appear to be on the high side
but considering that most pastoralist farmers put emphasis on herd quantity rather than herd
quality to safeguard their investments against unexpected high death rates from diseases and
drought then we are within acceptable bounds. We know that the expected egg mass, ^ (9.5.2)
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Figure 9.10: The graphs of ^ as a function of W showing the position of C for an arbitrary
host density H, while keeping the other parameters constant. In graph (a), H — 1000 and in
graph (b), H — 5000.
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contains terms of transition probabilities, therefore, it is clear from (9.9.6) that as the transition
probabilities, S{h) increase due to a more benign feeding environment from the tick feeding
history, h, the lower bound of expected eggs mass produced (9.9.6a) becomes larger hence
indicating that more ticks are successfully feeding and thereby increasing the expected egg
mass produced, 6.
Clearly, the larger the

(9.9.6) value the better for the tick population and the worse off for

the host population as it means that more ticks are successfully feeding and overwhelming the
host immune defences. We are now in a position to relate the ticks success in feeding based
on its life history to the herd resistance. We now use (9.9.6) to quantify herd resistance, by
obtaining a measure of ^zebu content\ C which we do through re-writing (9.9.6) to conform
with what we obtained in (8.5.2) of Chapter 8. We now obtain the following

=

ic \

> 1,

tick population is increasing

= 1,

tick population is stable

< 1,

tick population is decreasing

(a)
{b)

(9.9.7)

(c)

We can logically assume that when tick population is stable (9.9.7b), then the host immune
defence mechanisms are mounting sufficient anti-tick counter measures and hence can co-exist
with the tick population without succumbing to tick borne diseases (TBD ), assuming that its
health is not compromised by other factors such as poor nutrition, drought, pregnancy and
other diseases. Therefore, hosts with a stable tick population can be categorized as resistant,
in which case from (9.9.7), we can now deduce that

> 1,

Low '’zebu contenf. Herd is susceptible
(9.9.8)

< 1,

High '’zebu contenf. Herd is resistance

which is comparable to what we obtained in (8.5.2). Despite the fact that C in (8.5.2) and C
in (9.9.8) do not contain the same terms in a functional sense, but in effect they are giving us
a measure of the same trait, ^zebu contend that is also called herd resistance, albeit in different
ways.

9.10 Effects of feeding on same host group
We restricted the feeding of ticks to herd of the same composition to find out the trends in the
Hick reproductive function^ (A9.3.8) while maintaining same numerical values for the parameters
so that constant C is the same for both cases. When ticks feed on susceptible hosts only <7 = 1
then I 2 {W) = 0 hence the function will now be ^ i(W ) and whose graph is shown in Figure
9.11(a).
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Figure 9.11: Graph (a) - the plot o f # i as a function of W for ticks feeding on susceptible hosts
(<7 = 1) only. The dotted line is the constant C = 5.87 (A9.3.7e). Graph (b) - the plot of ^2 as
a function of W for ticks feeding on resistant hosts (a = 2) only. The dotted line for constant
C = 5.87 can not appear as its value is far much larger than the computed ^ 2(IF) values.
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It is clear that

> C which indicates that susceptible hosts will always sustain a tick popu

lation even in small numbers but more so for large herd size. On the other hand, when ticks
feed on resistant hosts only cr = 2 then /i(W ) — 0 hence the function will now be ^ 2(1^ ) and
whose graph is shown in Figure 9.11(b).
The computed value of C = 5.87 is obtained from (A9.3.7e) after substituting in respective
parameter estim ates computed from [286, 287, 289, 298, 299]. Clearly, the computed C value
is much larger and hence Ÿ2 < C (Figure 9.11(b)), which clearly indicates that resistant hosts
on their own when fed on by ticks will not sustain a tick population. The use of resistant hosts
in the absence of other intervention methods to control tick population is a more affordable,
environmentally safe and “cost effective” way of controlling and suppressing tick populations
to levels that are manageable [52, 54, 56, 57, 287, 288, 320].
Whether the method is beneficial to a profit minded farmer is another issue however economic
aspects can always be integrated into the models to give a compromise on some trade-off
while retaining the cardinal goal of lowering and controlling the tick population. The practical
aspect of the measure of ^zehu content\ C (9.9.8) is that it can be integrated into an integrated
tick control programme as a part a computerized management protocol that provides field
ecologists and veterinarians who are required to advice farmers on appropriate herd composition
to minimize effect of tick population on the health of the herd.

9.11 Analysis and stability of the tick-present equilibrium
Contrary to what we had in (9.5.1) for the case of tick-free equilibrium, in the tick-present
equilibrium we shall now have that

E, L, N{i), A(zj), A{ijk)

f

0

(9.11.1)

Hence, if we now let

X = (E, L. N(-). A(-), A(---))

(9.11.2)

be the vector of state variables equivalent to (A9.2.2) in Appendix A9.2, and similar to W in
(9.4.2b). We now let

W

=

wo/90 U +
\

i

N{i) + Y , A ( i j) +
A i i jk )
ij
ijk
J

be the tick load per host where i , j , k = {1 ,2 }. We now observe from (9.11.3) that

(9,11.3)
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W

-

e -X

(9.11.4)

where e = (0 ,1 ,1 , • • • , 1). It now follows that the system dynamics (9.3.1) may now be written
in the (quasi-linear) form as

X

=

J{W )X

(9.11.5)

where the matrix J { W ) depends on the tick load variable W (9.11.3) via the immune response
terms in the transition probabilities, 0{h) in (9.4.1a) which will now be given as

6{i)
S{ij)
6{ijk)

= 6oIi{W)

(9.11.6a)

= ôo ôJ jiW )

(9.11.6b)

= 6oSijIk{W)

(9.11.6c)

where as we saw in (9.4.1) (5q, Si and Sij are stage-specifid'' constants. The analysis and stability
status of the tick-present equilibrium, X (9.11.2) is explained in details in Appendix A9.5 and
A9.6, we now present the main findings of that analysis.
The existence of a non-zero equilibrium for the system (9.11.5) is guaranteed by condition
(A9.5.17), which we give here as

$ ( 0) = $o(0) - m ^ ( l T ) = 0
where $ (A9.5.13) is the characteristic polynomial.

(9.11.7)

Therefore, since the '’tick reproductive

function', ^(IV ) is a strictly monotonically decreasing function of tick load variable, W (9.11.3),
this means that there is at least one non-zero equilibrium of the system, W = W* > 0, for
which from (A9.5.18), the ^basic reproduction ratio\ TZ will be given as

and which shows that the tick-free equilibrium, X — 0 , is unstable. Clearly, a necessary and
sufficient condition for the existence of W* is

^ ( 0) > J_0o(O) > ^(oo)

(9.11.9)

771

The ^ (W ) terms depend on the host’s (average) immune response. Thus, two important facts
emerge out of this immune response (9.11.9):
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1). the left-hand inequality in (9.11.9) i.e. ^(0) > ^ $ o (0 ) asserts that this response should
not be so effective when unchallenged that it prevents ticks becoming established; while
2). the right-hand inequality in (9.11.9) i.e. ^ $ o (0 ) > ^(oo) asserts that, once ticks are es
tablished, the induced immune response should not be so ineffective that the tick population
explodes without limit.
Clearly, since the Hick reproductive function\ ^ (W ) terms depend on the host’s (average)
immune response, our decision to include it as a parameter in the measure of Hebu contenf
(9.9.8) via 9.9.5a) is fully justified. Due to the analytical complication that arose towards the
end of Appendix A9.6 in our attempt to verify the stability of the non-zero equilibrium, we
decided to make use of numerical methods that yield some parameter values and time-dependent
tick stage functions, namely, W(^), L(t), N{f^ and A[f) which on simulation and plotting will
ideally illustrate what we should expect from the trend of tick population over an arbitrary
time scale, t.

9.12 Numerical simulation and sensitivity analysis
Some numerical simulations were performed on the tick-present models whose analysis was done
in Appendix A9.5 and A9.6. Also carried out was sensitivity analysis of some key parameters to
elucidate how they affect the tick population over a period of time. The numerical procedures
used were based on computer sub-routines from the mathematical package Mathematica [268].
These sub-routines were used for several things:
a). To randomly generate certain parameters whose values could not be easily obtained such
as the life-histories egg-mass densities, (9(h), and other parameters that will be explained in
the text;
b). Compute values of certain constants such as C (A9.3.7e), eigenvalues and entries of the
matrix J (A9.5.1) and equilibrium vector X* (A9.5.26);
c). Compute different values of the susceptibility function, /^ (W ), which are then inputted into
the tick ^Htage transition!'’ functions ^z(VF), ^ij(W^) and

(9.11.8) which appear in

several parameters used in the simulation;
d). Numerically solve the 16-dimensional ODE’s in (9.11.5) and obtain the respective plots of
tick densities as functions of time, t in days.

9 .1 2 .1 B a ck g ro u n d p a r a m ete r s
A constant host size of i f = 20 was used in all simulations. The following average key parameters
were estimated from data collected by Chiera et al. [287]:

333

Tick pick-up rate by host (8.2.6c)

-

po = 0.993 per day

Emergence rate of larvae (9.3.1b)

-

vel

— 243.9 per day

vae

= 270.8 per day

Rate of adult conversion to egg mass (9.3.le)

-

Death rate of eggs (9.3.1a)

-

(is = 134.34 per day

Death rate of larvae (9.3.1b)

-

df, = 26.9 per day

Death rate of nymphs (9.3.1c)

-

(In = 29.47 per day

Death rate of adults (9.3. Id)

-

d^ — 1.93 per day

Constant value p* < po (A9.6.17)

-

p* = 0.9821

We rescaled time in days by taking the transformation t — logg(days) so that all graphs could
appear, otherwise using Chiera et al

[287] raw data as shown above rendered certain plots

unnoticeable and difficult to see. The transformation only changes the numerical quantities but
not the scale of time which is in days. We assumed an initial egg mass of size of 0 = 3000
(9.3.5). The conditional transition probabilities 0{h) (9.4.1) were taken to be constant with
(5(0) = 0.8, (5(1) = 0.7 and (5(2) = 0.6.
The transition probabilities of other life histories were considered to be multiplicatives of (5(1)
and (5(2), so that 0{ijk) = S{i)ô{j)ô{k). The herd composition was taken to be evenly distributed
so that p = Pi = 0.5 and p 2 = I —p ~ 0.5. Since similar functional forms were used for both
host types to describe host susceptibility

Ia{W),

we introduced a constant resistance factor of

size 2 so as to ensure that at any given moment, a resistant host’s {a = 2) rate of immune
response will always be faster than that of a susceptible host (cr = 1). In other words, the
susceptibility of a resistant host will be decreasing twice as fast as that of a susceptible host.

9 .1 2 .2 S u s c e p tib ility fu n c tio n s,

Ia{W)

The susceptibility functions, /cr(W), are probably the most important part of the whole sim
ulation process as these are the functions that ultimately influence the trends of the tick pop
ulation. In selecting suitable forms, the guiding principle was that the selected function must
be monotonically decreasing. This is only to ensure that there is at most one non-zero tick
equilibrium. Two cases were considered in the simulations:
1). Susceptibility decreasing exponentially. The functions used were of the form

Ia{W)

=

e x p (-a ^ W )

(9.12.1)

where cïo- are some '‘'‘resistance factor^’’ with a 2 = 2 a i.

In this situation the host be

comes resistant in an exponential fashion increasing scale. In the long run, hosts becomes
completely resistant, 1 = 0, which implies that tick population would become extinct.
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2). Susceptibility decreasing asymptotically. We use functions of the type (9.9.1) which have
the form

lA W )

=

0a -

(9.12.2)

where 0 < /3cr < 1 is the ^Hnitial susceptibility leveF with P2 < Pi, ota is the host ^^sus
ceptibility gap'’ which is the host window of vulnerability that is exploited by ticks to give
them a foothold on the host. The host immune defence system tries to minimize or close
this gap. For resistant hosts CK2 = 0 and for susceptible hosts 0 < a i < 1. The parameter
Uct is the ^Hnitial protective response” of the host immune system where for resistant hosts
0 < U2 < 1 and for susceptible hosts ai > 1.
For resistance hosts, the initial protective response of the host immune system is low because
even in the absence of on-host ticks the animals have a certain protective umbrella in place
which makes the initial response low.

Susceptible hosts do not have such a protective

umbrella, hence when challenged their immune response is much larger and ineffective
because of inexperience to tick challenge. Hence, ticks do not need to overcome any initial
resistance in the case of susceptible hosts and therefore they establish themselves much
quicker, than in the case of resistant hosts where they have to deal with a formidable initial
protective umbrella.
These equations, (9.12.1) and (9.12.2), were separately substituted into (9.11.5), (A9.5.1),
(A9.5.6), (A9.5.10), (A9.5.11), (A9.5.12) and (A9.5.26), (A9.6.4), (A9.6.6) and (A9.6.8), and
then four types of simulations were performed:
Type-1. Using (9.12.1): exponential decrease of susceptibility where a \ = 0.05 lo g 2 and «2 =
2a i;
Type-2. Using (9.12.2): asymptotic decrease of susceptibility where Pi = 0.957, a \ = 0.05 log 2,
a\ = 17.65, P2 = 0.0737, «2 = 0 and U2 — 0.00365;
Type-3. Using (9.12.2): asymptotic decrease of susceptibility with a large susceptibility gap
(ten times of type-2 case). Hence, a i — 0.5 log 2. The other constants remain the
same as in type-2 simulation;
Type-4. Using (9.12.2): asymptotic decrease of susceptibility with a small susceptibility gap (a
tenth of type-2 case). Hence, a i — 0.005 log 2. The other constants remain the same
as in type-2 simulation.
Altering the nature of host susceptibilities through the different susceptibility functions in
simulation type-1, type-2, type-3 and type-4, we are able to see how sensitive different stages
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of the tick population respond to changes in host susceptibility. Equation (9.8.1) was used
to generate graphs of

plotted against tick load, W (Figure 9.12)^ '^. Numerical solution

of the system (9.11.5) provided us with the suitable equations for (9.11.2) used to generate
graphs for W (Figure 9.13), L (Figure 9.14), N{i) (Figure 9.15), A{ij) (Figures 9.16a, b) and
A{ijk) (Figures 9.17.1-9.17.4). In solving (9.11.5) numerically, we needed to specify some initial
condition values. These values were randomly generated to lie in the interval 0 to 1.
Therefore, different simulation runs for the same tick stage gave slightly differing plots, but
overall the shapes were identical for the same tick stage, and that is what really matters. The
graphs of larvae (Figure 9.14), nymphs (Figure 9.15), unfed adults (Figures 9.16a, b) and fed
adults (Figures 9.17.1-9.17.4) are plots of the proportions of the respective instar stages in the
total population, that is why the trajectories lie between 0 and 1. Results of the four types of
simulations are presented in sub-sections (9.12.3) to (9.12.8) that follow from the next page.

9 .1 2 .3 E q u ilib r iu m tic k load , W*
We now use (9.8.1) and by implication (A9.3.8) to obtain the function
line

and the horizontal

where C is the constant (A9.3.7e). A plot of this function and the horizontal line

against W yielded Figure 9.12 for type-1, type-2, type-3 and type-4 simulations. The intersec
tion of the curve and dotted line in Figure 9.12 gives the equilibrium tick load, W * , and A is
the largest eigenvalues from the matrix (A9.6.2).
We see from Figure 9.12(3) that since A > 0 then W* is unstable, this is the situation where
the susceptibility function assumes a ten-fold increase in susceptibility gap, and it is clearly
unstable. The constant line in Figure 9.12 shifts according to location of W * . A higher value
of W* is favourable to the tick population as this implies that more ticks are attached on the
host and feeding.

^^A lthough figures are referred to in singular term s such as Figure 9.12, each figure has several graphs that
are labelled as (1), (2), (3) and (4) in accordance with the respective sim ulation type.
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Clearly, the ten-fold increase in susceptibility gap (Figure 9.12(3)) has the highest value of
tick load at equilibrium W* — 1.7003 x 10^^ (in nature such a large number of on-host tick
load cannot be achieved because the host will already be dead from tick burden and tick-borne
diseases), whereas the ten-fold decrease in susceptibility gap (Figure 9.12(4)) has the lowest
value of W* = 19.5451.
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We obtain the following statistics from the graphs, for type-1:

- 0.0302, W* = 27.5398 and A = -4.4125; for type-2: ^

A = -2.4027; for type-3: ^
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= 0.0976, W* = 22.6839 and

= 0.0954, W* = 1.7003 x 10^''^ and A = 1.2871; and for type-4:

^ = 0.0976, IF* = 19.5451 and A = -2.7138.
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9 .1 2 .4 O n -h o st tic k load , W
For hosts with substantial resistance levels (Figures 9.13(1), 9.13(2) and 9.13(4)), the on-host
tick load, W, settles to a value lower than W*, whereas there is a phenomenal increase in W
in the case of increased host susceptibility (Figure 9.13(3)). In the long run, the trajectories in
Figures 9.13 will ultimately converge to the equilibrium value. However, from these graphs we
can deduce that whenever W < W*, this is good for the ticks but bad for the infested host,
whereas W > W* is bad for ticks but good for the infested host, because a large population of
W (9.11.3) cannot be sustained on-host.
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Figure 9.13: Results of simulation runs for type-1, type-2, type-3 and type-4 susceptibility
functions showing the trend of on-host tick load, W{t) (continuous curve) and equilibrium tick
load, W* (dotted line). The dotted line is the same W* value from Figure 9.12 for the respective
simulation types. The arbitrary time t = logg(days).
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9 .1 2 .5 L arvae p o p u la tio n , L
The time taken for the larval population to settle down to a stable equilibrium is faster in the
case when they feed on more susceptible hosts (Figure 9.14(3)) than when they feed on hosts
with increased resistance (Figures 9.14(1), 9.14(2) and 9.14(4)). The effect of increased on-host
tick load (Figure 9.14(3)) has a knock-on effect in that it boosts the population of ticks in the
free-living'^ phase.
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Figure 9.14: Results of simulation runs for type-1, type-2, type-3 and type-4 susceptibility
functions showing the trend of larvae population, L, over an arbitrary time, t, where t =
loge (days).
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9 .1 2 .6 N y m p h a l p o p u la tio n , N{ i )
There are two sets of nymphal populations, N[i), for i G {1 ,2 }. We shall take that AT(1) = N1
and N{2) = N 2 as shown in Figure 9.15 for the nymphal population.
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Figure 9.15: Results of simulation runs for type-1, type-2, type-3 and type-4 susceptibility
functions showing the trend of nymphal population, N{i), for i G {1 ,2 } over arbitrary time, t,
where t = logg(days).

The impact of the cumulative effects of feeding on resistant hosts is clearly noticeable in the
N2 plots in Figure 9.15, where the nymphal population is almost subdued, save for a slight
change in Figure 9.15(1). The positive effect of feeding on hosts with increased susceptibility
(plot of jVl in Figure 9.15(3)) is similar to that in Figure 9.14(3) for the larval population. For
the nymphal population, N l , feeding on hosts with increased susceptibility, the time taken to
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settle down to a stable equilibrium is faster than any other nymphal group. The same pattern
with variations seems to be repeated with the other N1 populations.

9 .1 2 .7

U n fe d a d u lt p o p u la tio n , A{ij)
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Figure 9.16a: Results of simulation runs for type-1 and type-2 susceptibility functions showing
the trend of unfed adult population, A{ij), for i , j G {1 ,2 } over arbitrary time, t, where
t = loge (days).

There are four sets of unfed adult populations, A{ij), for i , j G {1 ,2 }, namely >1(11) = A ll,
A(12) = A12, A(21) = A21 and A(22) — A22 as shown in Figures 9.16a and 9.16b for the
unfed adult populations. As nymphal population (Figure 9.15), the same pattern is repeated
in the case of the unfed adult population, where the impact of cumulative effects of feeding on
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Figure 9.16b: Results of simulation runs for type-3 and type-4 susceptibility functions showing
the trend of unfed adult population, A{ i j ) , for i , j G {1 ,2 } over arbitrary time, t, where
t = loge (days).
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resistant host is clearly noticeable in the ^22 plots in Figure 9.16. The unfed adult population
is hardly noticeable in the plots, save for a slight change in Figure 9.16a(l).
The positive effect of feeding on hosts with increased susceptibility (plots of A l l in Figure
9.16b(3)) is similar to what we saw for the nymphal population, N1 (Figure 9.15(3)). Unfed
adults in the group A l l that have fed on hosts with increased susceptibility (Figure 9.16b(3))
shows that the time taken to settle down to a stable equilibrium is faster than any other unfed
adult group. The same pattern is repeated with the other A l l populations.
It is interesting to note from Figure 9.16 that unfed adults whose preceding nymphs fed on mixed
hosts such as A12, A21 seem to suffer the same effects as if they had only fed on resistant hosts
such as A22. These populations have difficulty in taking-off. It is only those that fed on purely
susceptible hosts such as A l l that show an appreciable increase in numbers.

9 .1 2 .8 F ed a d u lt p o p u la tio n , A{ijk)
For purposes of clarity, each simulation will be presented separately because of the large number
(8) of graphs in each simulation. We see from Figure 9.1 that there are eight sets of fed adult
populations, A{ijk), for i , j , k G { 1, 2}, namely A ( l l l ) = A l l l , A (112) = A 112, A (121) —
A121, A (122) = A122, A(211) = A211, A(212) = A212, A(221) = A221, A(222) = A222 as
shown in Figures 9.17.1, 9.17.2, 9.17.3 and 9.17.4 for the fed adult populations. An explanation
for these simulations follows at the end of type-4 simulation plots (Figure 9.17.4).
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9 .1 2 .8 .1 T y p e -1 sim u la tio n :
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Figure 9.17.1; Results of simulation run for type-1 susceptibility function showing the trend of
fed adult population, A{ i j k ) , for i , j , k G {1 ,2 } over arbitrary time, t, where t = logg(days).
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9 .1 2 .8 .2 T y p e -2 sim u la tio n :
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Figure 9.17.2: Results of simulation run for type-2 susceptibility function showing the trend of
fed adult population, A { i j k ) , for

A: 6 { 1, 2} over arbitrary time, t, where t — logg(days).
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9 .1 2 .8 .3 T y p e -3 sim u la tio n :
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Figure 9.17.3: Results of simulation run for type-3 susceptibility function showing the trend of
fed adult population, A { i j k ) , for i , j , k E {1 ,2 } over arbitrary time, t, where t — logg(days).
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9 .1 2 .8 .4 T y p e -4 sim u la tio n :
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Figure 9.17.4: Results of simulation run for type-4 susceptibility function showing the trend of
fed adult population, A(ijk), for i,j^k G {1 ,2 } over arbitrary time, f, where t = logg(days).

A pattern similar to that for unfed adults is repeated here. The cumulative effects of feeding
on at least one resistance host are noticeable in the A112, A121, A122, A211, A212, A221
and A 222 plots for all simulation types (Figures 9.17.1, 9.17.2, 9.17.3 and 9.17.4. The positive
effects of feeding on hosts with increased susceptibility (plots of A l l l in Figures 9.17.1, 9.17.2,
9.17.3 and 9.17.4 show a trend similar to that for the larval population (Figure 9.14b(3)), the
N1 nymphal population (Figure 9.15) and the A l l unfed adult population (Figure 9.16).
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Fed adults in the group A l l l that have fed on hosts with increased susceptibility (Figure 9.17.3)
show that the time taken to settle down to a stable equilibrium is faster than any other fed adult
group. The same pattern is repeated with the other A l l l populations. We note an observation
similar to the unfed adults (Figure 9.16), that fed adults whose preceding unfed adults fed on
mixed hosts of susceptible and resistant type seem to suffer the same effects as those that had
fed only on resistant hosts such as A222. These populations have difficulty in taking-off. It
is only those that fed on purely susceptible hosts such as A l l l that show any indication of
increasing their numbers over time.
The gradients of the curves in Figure 9.12 can be interpreted as the rate of reduction of host
susceptibilities i.e. rate of increase in host resistance), we see that the highest reductions are
in Figures 9.12(4), 9.12(2) and 9.12(1) in that order respectively. These are also the same cases
where hosts have increased levels of resistance to on-host tick load, W unlike in Figure 9.12(3)
where levels of host resistance is low resulting in a huge number of on-host equilibrium tick
load, W * .

9.13 Conclusion
It is true that analyzing a 16-dimensional system of equations (9.3.1) that models the tick life
cycle in the “/ree-Zzmng” stage is not a simple task, as it presented us with analytical challenges
that necessitated the use of various methods that enabled us deduce as much relevant ecological
and biological information that we could get. The determination of the following three terms is
of particular importance: the ticks ^basic reproduction ratio\ TZ; the ‘tick reproductive function’,
^ (W ) as a function of tick-load, W; and the measure of ^zebu content\ C that quantifies herd
resistance. All the three terms are inter-connected to one another, but the principal factor is
the tick reproductivity as manifested by the quantity and quality of eggs produced.
We have clearly shown that the ticks’ feeding sequence and the resulting effects of host im
munological responses to ticks’ life history are crucial in understanding the dynamics of the
tick-host relationship. Our findings have shown that the final production of eggs sums up the
tick life history through all the developmental stages, and also indirectly tells us the host re
sistance it encountered in the course of its feeding. All these aspects are adequately captured
in our model system (9.3.1), and whose analysis has given us a better understanding of the
tick-host dynamics. A unique feature of our model system (9.3.1) is that it relate the overall
tick reproductive capacity to the tick instar feeding patterns from the larval to nymphal and
finally to egg laying adult stages.
Since the tick is likely to feed on different hosts either from same or different herd during its
life cycle, the measure of ^zebu contenf, C that we obtained will tend to give a more realistic
quantification of herd resistance, as compared to when such a measure is computed from only
a single instar stage, similar to what was earlier done in Ethiopia [52], Australia [54, 320] or
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Kenya [57]. Our measure has the advantage of having “traits” from the cross section of the
herd, hence representative of the herd population, and not just single or isolated animals.
The analytical determination of the measure of '‘zebu content\ C in functional form provides us
with a much more flexible tool that can be easily integrated into an integrated tick management
programme that provides field ecologist with a selection of options to work from. A likely
useful application of this is the possibility that we can hopefully select herd composition based
on several parameter values used to compute ^zehu content^ L and then decide the best value
that we need before prior to giving practical advice on how to manage and control a given tick
population to farmers.
The conditional transition probabilities <5(0), ^(1) and <5(2) used in the simulations were taken
to be constant with ^(0) = 0.8, <5(1) = 0.7 and <5(2) = 0.6. These are fairly high values and
had a big impact by quickening the time it took for different tick stages to reach equilibrium.
The average time for feeding ticks to engorge is 3 to 6 days, converting our time scale from
logarithm to days yields between 1 to 7.5 days with average time to equilibrium for ticks feeding
on susceptible hosts from type-1 simulation as an example being 6 days for on-host tick load,
W\ 4.5 days for larvae, L; 3 days for nymphs, N\ 5 days for unfed adults, A{ij) and 4 days for
fed adults, A{ijk). Subject to minor differences, these values are comparable and tend to agree
with experimental results [42, 285, 287, 298, 299].
The numerical simulations indicated that the future trends of tick population at all stages of
the developmental life cycle are very sensitive to the host immune defence mechanisms, which
in our case is represented by the host '‘index of susceptibility\ I^iW). The choice of suitable
functions for l a i W )

long as it is monotonically decreasing is unimportant. W hat we have

to observe is that the functions selected reflect the biological reality as much as possible and
adhere to our stated assumptions. However, it is important to realize that these results arise
because host susceptibility is the only variable included. Had variable tick mortality rates due
to some abiotic factors, for example, been included, the conclusions might have been quite
different.
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A PPE N D IX 9
A9.1 Some properties of function (9.4.5)
P r o p o s itio n 9.1. The function V{u) =

satisfies:

y ( 0) = 0

(a)

|y(w ) —u\ ^ 0 as LJ ^ oo, if (3\ > 0

(b)

V'{uj) > 0 for all u) > 0.

(A9.1.1)

(c)

Hence, there is a unique inverse function, w = u{V), defined for V > 0, and satisfying:

Proof. Conditions

w(0) - 0

(a)

|w (y) - V \ ^ 0 a s V ^ oo, if Pi > 0

(6)

uj'{V) > 0 for all V > 0.

(c)

(A9.1.2)

(A9.1.1a) and (A9.1.1b) follow immediately from (9.4.4b) and (9.4.4c). To

show (9.4.6c) note that

r (w )

=

(A9.1.3)

Fix w > 0 and regard

q
as a function of

=

e'’' " ( /( w ) - w /'( w ) )

(A9.1.4)

Then straight forward calculation shows that

g (A )

=

e')'" - A w -

a

~

u)

+ Æ ( ° + ^ ))
(u T w)

(A9.1.5)

Thus

9'(f t)

=

(

which is strictly positive when w > 0, since

+

a + u)

)

(A9.1.6)

< 1, a > 0 and P\ > 0. Further, q{Pi) is

independent of Pi when a; = 0, so that q'{Pi) = 0 in this case. It follows that q{Pi) is an
increasing function of Pi for each w > 0, so that

qmin

=

ç(0) =

{i
+^
l■;
(
a -{- (jj j

^14-—

(A9.1.7)
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which is strictly positive. This proves (A O .l.lc). T he existence of a unique inverse function
w ith th e required properties now follows from the Inverse Function Theorem [258].

□

A9.2 Conditions for the viability of a non-zero tick popu
lation
We sta te and prove the following proposition in connection w ith th e ^basic reproductive ratio\
TZ (9.5.4) th at will provide us w ith the necessary and sufficient conditions for the viability of a
non-zero tick population.
P r o p o s it io n 9 .2 . The tick-free equilibrium of the system (9.3.1) is unstable, and hence a non
zero tick population is viable, if and only if

n

>

1

(A9.2.1)

Proof. Consider the model system (9.3.1), and we list the state variables in th e following order:

X

-

{E , T, V ( l ) , 7V(2), A ( l l ) , A (12), A (21), A (22), A ( l l l ) , A (112),
A ( 1 2 1 ), A (122), A ( 2 1 1 ), A ( 2 1 2 ), A ( 2 2 1 ), A ( 2 2 2 )}

T he tick-free equilibrium is then X =

0

(A9.2.2)

, and the Jacobian m atrix, Jo, of m odel system (9.3.1)

at this equilibrium is the 16 x 16 m atrix given as

Jq

where A n , A

12,

11

^12

A 21

A 22

(A9.2.3)

A 21 and A 22 are each 8 x 8 sub-m atrices o f m atrix J q th at are given by
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0

-I

0

0

0

0

0

0

0

0

-I

22

(A9.2.6)

(A O .2 .7 )

where

=

dE + Tel

(A9.2.8a)

kh

=

di, + PqH

(A9.2.8b)

kjsj

=

dN + PoH

(A9.2.8c)
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k/\

— d/\ -|- pqH

/

(A9.2.8d)

(A9.2.8e)

— Tab

m

=

rEh

(A9.2.8f)

ii

=

S{i)p{i)poH

(A9.2.8g)

iij

=

^{ij)p{j)PoH

(A9.2.8h)

^ijk

(A9.2.8Î)

— ^{^'j^^P{^)PoH

(01,-•• , 0 s) - r ^ £ ; ( 6> ( ll l) ,0(112),^ (121) , 0(122),^ (211) , /9(212),0(221),^ (222))
(A9.2.8J)
are all positive.
To find the determ inant of Jq, we perform the following operations. Let R i denote the ith row
of Jq. Then we do

1). i?i •<— i?i + j X)r=l ^rRs+r
2). Expand the resulting determ inant by the last eight colum ns to obtain,

det Jo

=

(A9.2.9)

f det Ji

where

/

Ji

and where

=

-ksl

0

0

0

Ti

T2

T3

m

~k[.

0

0

0

0

0

0

0

6

—kj\i

0

0

0

0

0

0

(2

0

—ki>j

0

0

0

0

0

0

0

—kA

0

0

0

0

0

62

0

0

—kA

0

0

0

0

0

61

0

0

-kA

0

0

0

0

^22

0

0

0

—kA j

T4 ^

(A9.2.10a)
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'ï'i

=

01^111 + 0 5 ^ 1 2

(A9.2.10b)

^2

=

02^121 + 06^122

(A9.2.10c)

Tg

=

03^211+07^212

(A9.2.10d)

4

=

04^221 + 0 8 ^ 2 2

(A9.2.10e)

T

w ith the general expression for (A 9.2.10b,c,d,e) given by

Tr

0 r & (r )l

=

+

04 + r & ( r ) 2 ,

w ith

T = 1 ,2 ,

3 , 4.

(A9.2.10f)

3). Perform the operation on .7],

7?.]

Z ! r = l( 0r & (r )l +

<- R i +

04 + r & ( r ) 2 )-R r,

where ( /i( l) , h (2), h(3), h(4)) = (1 1 ,1 2 ,2 1 , 22).

4). Expand the resulting determ inant by the last four colum ns to obtain,

det Jo

=

(A9.2.11)

d et J 2

where

0
m
J2

^1

^2

0

0
0

(A9.2.12)

—

0

6

—kp^

0

6

0

—kpj ^

05612)

+

6 2(0 2 6 2 1

+

00622)

(A9.2.13a)

07612)

+

6 2(04621

+

08622)

(A9.2.13b)

—M%{6 ^ 1 + 6 ^ 2}] = 0

(A9.2.14)

and

'^i =
^2

=

6 1

T 1 + ^1 2 ^ 2 = ( 1 1 ( 01 ^11 1 +

61^3

+

62

T4 =

6 1 (03611

+

5). Expand det J 2 by th e first column to obtain.

det J q

=
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Now, to find the characteristic polynomial of Jo, we need only make the substitutions, I —> Z+A,
kA ^

+ A, kj\f

ki\f + A, ki,

that the eigenvalues of

Jq

kj^ -\- \ and kE ^ kE + ^ into (A9.2.14). We then obtain

are, A = —k E , —k L , —kM^—kA,l, and the roots of.

$ ( A ) — (A + A:g)(A + A :l)(A +

ki \ [ ) [ X

+

kA){X

+ Z) —

+ ^2^

2}

— 0
(A9.2.15)

It is clear from (A9.2.15) that $'(A) > 0 for all A > 0. Hence, $(A) is strictly increasing for
A > 0, and so can have a positive root (which is necessarily unique) if and only if 0(0 ) < 0.
Thus,

Jq

has a positive eigenvalue, and hence the tick-free equilibrium is unstable if and only

if.

n

=

where IZ is the ^^basic reproductive ratio’\

kEkhkNkAl

> 1

(A9.2.16)

From the definitions (9.5.4) and (A9.2.1), we find

that

$

SO

=

= IpoH^O

(A9.2.17)

that 71 above (A9.2.16) agrees with (9.5.4). This completes the proof of Proposition 9.2.
□

A9.3 Derivation of Hick reproductive fu n ction ^ "^(W)
From the det Jo = 0 (A9.2.14) we now obtain that

$

=

m

(A9.3.1)

We want to express the left hand side equation of (A9.3.1) in terms of W through I {W ). From
(A9.2.13) we now have that

^101

— 6 { 6 l ( 0 l 6 l l + </>5^112) + ^12(02^121 + 06^ 22)} = 0 (1 )

(A9.3.2a)

^202

=

(A9.3.2b)

^2{^21 (03^211 + 07^212) + ^22(04^221 + 08^222)} = 0 (2 )

It now follows from (A9.2.8h,i,j) and (9.4.1) that
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&

iijk
where 70 = SqPqH
i,j

=

6{i)ii{i)poH = 7o/x(i)/(i)

(A9.3.3a)

=

^{'fd)l^U)poH = joô{i)p,{j)I{j)

(A9.3.3b)

=

6{ijk)ii{k)poH = joS{i)S{j)p{k)I{k)

(A9.3.3c)

> 0 is a constant, 6{ij) = ô{i)ô{j) = Si6j = 6ij if

G { 1, 2}.Substituting the relevant parts of (0i • • • 0s) from (A9.2.8)

isconstant and
and (A9.3.3) for

appropriate values of i and j into (A9.3.2) we obtain after some algebraic manipulation that

^ (1)

=

01/ ( 1)'“^+ 6i / ( 1)^ /(2) + c i/(1 )/(2 )2

(A9.3.4a)

^ ( 2)

=

a 2 /(2 ) 'V 5 2 /( l)/(2 ) ^ + C 2/(l)^/(2)

(A9.3.4b)

where

(A9.3.5a)

ai

=

0 i7 o (^ " (l)/

h

=

0 5 7 o ^ '^ (1 )M ^ (1

~

(A9.3.5b)

~ p)

(A9.3.5c)

Cl

02

—

0 8 7 o ^ '^ (2 )(1

h

=

047o(^^(2)^(1 —p)^ +

C2

=

0 3 7 o <^^(2)<5(1)(1

(A9.3.5d)

—p)^
0 7 7 o ^ ^ ( 2 ) ^ ( 1 ) a^ (1

(A9.3.5e)

“ P')^

(A9.3.5f)

- p)p^

It now follows that putting in the correct values of 0^., that is
(01, • • • , 0 s) = 1(0(111), 0(112), 6(121), 9(122), 0(211), 0(212), 0(221), 0(222)) where
I = 'f'AE- From (A9.3.1) we know that ^ (1) + ^(2) = C hence, it now follows that

$

=

a /ll)-’ + 6/ ( l ) ^ / ( 2) + c / ( l ) / ( 2)^ + d / ( 2)-’ = C

(A9.3.6)

where

a

= 0(lll)S^(l)p^

h

- {(9(211)f^'\l) + ^(112)(^^(1)6(2)+ ^(121)(5^(2)(^(1)}/(1 -

c

= {0(212)6'^(1)S(2) + 0(221)6'^(2)0(1) + 0(122)0^(2)}p ( l - p ) “^

(A9.3.7c)

d

= 0(222)S^(2)(1-p)^

(A9.3.7d)

C

=

7717^

(A9.3.7a)
//)

(A9.3.7b)

(A9.3.7e)
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But / ( I ) — I i { W ) and I{2) = h i W ) (9.4.2a) we now have that

$(VK) = a h i w f + h I ^ { W f l 2 {W) + c h ( W ) h ( W f + d h ( W f = C

(A9.3.8)

as the Hick reproductive function’ which is equal to a constant C. The constant term C in
(A9.3.8) provides us with a cut-off level needed for a tick population to be sustainable. We
observe that this cut-off level will fluctuate depending on the size of parameters influencing the
value of C (A9.3.7e).

A9.4 Relating
(i)

to h i W )

T ick c h a lle n g e w h e n h o st is s u s c e p tib le {a — 1)

We see from (9.9.1) and (9.4.5) that

7,(w)
= 4 .V .(a .)

= A - —— —
a\ + uj

(A9.4.1a)

=

(A 9.4,lb)
P i CL\

u{Vi)
= > u{fj,{l)W)

Ol.\OJ

= i ((o iV i - a i) -I- \/( a iV i - ai)^ -|-4/3iaiF i)

(A9.4.1c)

= i ( { a i f i W - a\) + \ / { a i p W - ai)^ -f ^ pi ai pW ^

(A9.4.1d)

=

(A9.4.1e)

w (l)

Substituting (A9.4.1e) into (A9.4.1a) we now obtain

h{W )

=

Û1 + w (l)

(A9.4.2)

where w (l) is a function of W and is as given in (A9.4.1d). Typical graph of I i ( W ) is given in
Figure 9.9.

(ii)

T ick c h a lle n g e w h en h o st is r e sista n t (cr = 2)

It follows from (9.9.1) and (9.4.5) that
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/%W

/ 2(w)

=

V2{u)

—

U){V2)

— — ^ —02 +

uj{iJ,{2 ) W )

P2

(A9.4.3a)

a2 + uj
+

0 ,2 ^

U J‘

(A9.4.3b)

P2 CL2

=

+ 4^2Û2V2^

(A9.4.3c)

^ ^ - Û 2 + \Z a i + 4 ^ 2 0 2 (1 -

(A9.4.3d)
(A9.4.3e)

— w(2)

Substituting (A9.4.3e) into (A9.4.3a) we now obtain

,02W(2)

(A9.4.4)

0,2 + w(2)

where w(2) is a function of W and is as given in (A9.4.3d). Typical graph of h i W ) is given in
Figure 9.9.

A9.5 Tick-present equilibrium dependent on tick load vari
able W
The quasi-linear form X = J (W )X (9.11.5) has matrix J { W ) that is depends on the tick load
variable W (9.11.3) via the immune response terms in the transition probabilities (9.11.6).
Hence, tick-present equilibrium is X > 0 (9.11.2), and the Jacobian matrix, J { W ) , of model
system (9.3.1) at this equilibrium is the 16 x 16 matrix that is dependent on tick load variable
W (9.11.3), and is given as

J{W)

=

A n ( lT )

A i 2(1T)

A 2i(VF)

A 22(IV)

(A9.5.1)

where A n (V F ), A i 2(W ), A 2i(W ) and A 22(kT) are each 8 x 8 sub-matrices of matrix J { W )
that are also dependent on tick load variable W (9.11.3), and are given by

A ii(V F )

=

—kE

0

0

0

0

0

0

0 ^

m

~ki.

0

0

0

0

0

0

0

6

—kf4

0

0

0

0

0

0

6

0

—kN

0

0

0

0

0

0

0

—kA

0

0

0

0

0

62

0

0

—kA

0

0

0

0

0

0

0

-kA

0

0

0

0

0

0

0

-kA j

C2 2

(A9.5.2)
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4>2

03

04

05

06

07

08^

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

,0

V

0

0

0

0

611

0

0

0 ^

0

0

0

0

0

621

0

0

0

0

0

0

0

0

^211

0

0

0

0

0

0

0

0

(221

0

0

0

0

^112

0

0

0

0

0

0

0

0

622

0

0

0

0

0

0

0

0

& 12

0

0

0

0

0

0

0

0

& 22 j

-/

0

0

0

0

0

0

0^

0

-I

0

0

0

0

0

0

0

0

-/

0

0

0

0

0

0

0

0

-I

0

0

0

0

0

0

0

0

-I

0

0

0

0

0

0

0

0

-I

0

0

0

0

0

0

0

0

-I

0

0

0

0

0

0

0

0

A 22(W^)

where now

are functions^

(A9.5.3)

(A9.5.4)

(A9.5.5)

“7

of W, namely

(A9.5.6a)
(A9.5.6b)
(A9.5.6c)
the tick-free case (Section 9.5)
values.

were constant because th ey were dependent on constant

la
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where 70 =

> 0 and

S{hi)

=

(A9.5.7)

ôhM W )

where clearly 6^ is a constant associated with previous feeding history h (see 9.11.6).

(i) E x is te n c e and u n iq u e n e ss o f th e n o n -zero eq u ilib r iu m
We observe that the biologically meaningful positive quadrant, X > 0, is forward invariant
under the dynamics of (9.11.5).
L em m a 1 . The domain X > 0 is forward (positive) invariant under the dynamics (9.11.5)
Proof. From (9.11.5) and (A9.5.1), we have

dt
.

dt

1 1
k i= o

0 rX g + r

2 ,
1x 2 = 0

m X i

3|
.

1X 3 = 0

dt
d^4,
, 1X 4 = 0
dt
d X' 5 ,
: 1X 5 = 0
dt
« 61
|X 6 = 0
dt
dX‘
X r= 0
dt
(DC:8 1
. 1X8=0
dt
dX'9 ,
. 1X 9 = 0
dt
dXio) 1
|X ]o = 0
dt
dX ii
- |x ii= o
dt
dX\2Î 1
|X i2 = 0
dt
d X i ^\ 1
|X ] 3 = 0
dt
dX\4^ 1
- | x , 4=0
dt
dXi^
|x i5 = 0
dt
d X i6i |
- |X i6 = 0
dt
se from
lemma.

>

0,

(A9.5.8a)

r —1

(A9.5.8b)

0,

=

^ i { W ) X 2

>

0

(A9.5.8c)

=

^2 (1 F )X 2

>

0

(A9.5.8d)

6 i(i^ )X 3 > o

(A9.5.8e)

(l2 (l^ )X 3 > 0

(A9.5.8f)

6 i(: ^ ) X 4 > 0

(A9.5.8g)

6 2 ( M :^4 > 0

(A9.5.8h)

=

( in ( : ^ ) ; r 5 > o

(A9.5.81)

=

& 2 l(M ^ )X 6

>

0

(A9.5.8J)

& ii(M ^ )X %

>

0

(A9.5.8k)

=

^22i ( 1 ^ ) X 8

>

0

(A9.5.81)

=

^112(H ^)X 5

>

0

(A9.5.8m)

-

^122(H ^)X 6

>

0

(A9.5.8n)

^212(W ^)X 7

>

0

(A 9 .5 .8 0 )

& 22(M ^)X g

>

0

(A9.5.8p)

-

-

0

>

for each i when X > 0 , which proves the stated
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□
L e m m a 2 . The complex eigenvalues of J { W ) (if any)

allhavenegative

real part,and J ( W)

has at m ost one real eigenvalue which is positive.
P roof Recall from (A9.2.15) that the eigenvalues of J { W ) are —/cat(multiplicity

1), —kA

(multiplicity S), —I (multiplicity 7), and the roots of

$(A)

=

$o(A) - m^(Vl^)

(A9.5.9)

(i(IV )^i(I4^) + ( 2^ 2( M

(A9.5.10)

where

^ (W )

=

which is similar in form to what we have in (A9.2.17) or (A9.3.1). Similar to (A9.2.13) we now
see from (A9.5.10) that

^2
where

= ^cr(W’),

— 6l(01^111 + 05^112) + ^12(02^121 + 06^122)

(A9.5.11)

=

(A9.5.12)

^21 (03^211 + </>7^212) + ^22(04^221 + 08^222)

— ^h{W) and 0 is similar to what is given in (A9.2.8g,h,i). Relating

(A9.5.9) to (A9.2.15) it now follows that

$o(A)

=

(ui + A)(o2 + A)((%3 + A)(u4 + A)(u5 + A)

(A9.5.13)

with { 01, 02, 03, 04, 05} = { k E, k L, k N, k A, l } ordered so that O < 0 1 < 0 2 < 0 3 < 0 4 < 05. In
particular $o(A) is independent o f W , and

$ 0(0)

=

O1O2O3O4O5 > 0

(A9.5.14)

The situation is illustrated in Figure 9.18. Now from (A9.5.6) it follows that ’F(W ) is monotonically decreasing function of W . Thus, $(A) has exactly one positive real eigenvalue if and only
if

m^{W)

>

$o(0)

and has only eigenvalues with negative real parts when

(A9.5.15)
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m^{W)

<

(A9.5.16)

$o(0)

A
-a2

-al

Figure 9.18: Graph of $o(A). The solutions of 0(A) = 0 are the points at which 0o(A) =
m 0 (W ). All the complex solutions have negative real parts. The real solutions are shown for
different values of W at intersection points of the dashed horizontal lines with the solid curve.
These are all negative if m 0(PT) < 0o(O), and only one of them is positive if m0(VF) > 0o(O).

□
There is a non-zero equilibrium for the system (9.11.5) if and only if d e t J { W) = 0. That is, if
and only if

0 ( 0)

=

0 q(O) — m 0 (VF) = 0

(A9.5.17)

Since 0(1T ) is a strictly monotonically decreasing function of W , there is at most one value,
W — W* > 0, for which this holds (see Figure 9.18). When such a W* exists, we must also
have
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which shows that the tick-free equilibrium, X = 0 , is unstable. Clearly, a necessary and sufficient
condition for the existence of W* is

^ ( 0) > ^ $ o ( 0 ) > 'I^(oo)

(A9.5.19)

The ^ (W ) terms depend on the host’s (average) immune response. Thus, two important facts
emerge out of this immune response:
1. the left-hand inequality in (A9.5.19) asserts that this response should not be so effective
when unchallenged that it prevents ticks becoming established, while
2. the right-hand inequality in (A9.5.19) assertsthat, once ticks are established, the induced
immune response should not be so ineffective that the tick population explodes without limit.
P r o p o s itio n 9.3. If W* > 0 exists satisfying

m ^ {W * )

=

$o(0)

(A9.5.20a)

then there is a unique, isolated equilibrium, X* > 0, of the system (9.11.5) with

W{ X * )

-

e-X*

= W*

(A9.5.20b)

Proof. The equation W — W* defines an affine hyperplane in the state space of the system
(9.11.5). Since, by definition det J{ W*) = 0, there is a non-zero solution of the equation

J(IT*)X*

=

0

(A9.5.21)

Hence, if X is any such non-zero solution, then X* = c*X is the uniquely associated equilibrium
at which the 1-dimensional ray X = cX meets the hyperplane W = W* (if it does). Here,

c*

=

W*
— — , provided e • X 7^ 0
e •X

(A9.5.22)

If e • X = 0, then the solution ray X = cX does not meet the hyperplane W = W * . From this it
follows that there is a unique, isolated, non-zero equilibrium of the system (9.11.5) if and only
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if the system of linear equations (A9.5.21) has at most one linearly independent solution, and
that this solution can be chosen to have X > 0. Then, necessarily, e • X > 0, and so X* exists
and also satisfies X* > 0.
First note that (A9.5.21) has at most one linearly independent solution if and only if rank J{ W*)
15. To show this, consider the 15 x 15 matrix obtained from J [ W* ) by removing the first row
and the first column to give us J \ { W ) that we represent by J{ . Thus, we have

11

JI

=

A*
-^21

(A9.5.23a)
A"
-^22

where since (A9.5.23a) is not a square matrix, then the entries of
orders. Thus,

are sub-matrices of different

is 7 x 7 sub-matrix, 0 is 7 x 8 zero sub-matrix,

is 8 x 7 sub-matrix and

A 22 is 8 x 8 sub-matrix of .7* that are also dependent on tick load variable W (9.11.3), except
the zero sub-matrix. These sub-matrices are given by

~k[^

11

0

0

0

0

0

0

6

-- k ^

0

0

0

0

0

(2

0

—k]\j

0

0

0

0

0

(1 1

0

~kA

0

0

0

0

62

0

0

-kA

0

0

0

0

61

0

0

-kA

0

0

0

&2

0

0

0

—kA

^0

0

0

0

0

0

0

0^

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

V

-

(A9.5.23b)

(A9.5.23c)

364

0

0 0

( il l

0

0

0 ^

0

0 0

0

( l 21

0

0
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Clearly, this matrix J* (A9.5.23a) is lower triangular, and so

detJi

=

kLk%k\l^ > 0

(A9.5.24)

Hence, since detJ* > 0 it therefore follows that ran kJ{W *) = 15, as required. It now remains
to check that X can be chosen with X > 0 . To see this, note that it follows from (A9.5.1) that
J (W *)X = 0. Therefore, X satisfies the equations
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^^1^3

— ^ ^^rXg^r

(A9.5.25a)

=

kh^2

(A9.5.25b)

kj^Xg

(A9.5.25c)

k]\jX^

(A9.5.25d)

kA^5

(A9.5.25e)

kA X q

(A9.5.25f)

kA^7

(A9.5.25g)

— kAXg

(A9.5.25h)

=

=
^ 2 2 -^ 4

where

(n i^ 5

=

IXg

(A9.5.25i)

( 121^6

=

lX \o

(A9.5.25j)

( 211^7

=

IX u

(A9.5.25k)

^221^8

=

IX u

(A9.5.251)

& 1 2 -^5

“

IX,g

(A9.5.25m)

( 122^6

=

IX\4

(A9.5.25n)

^ 2 1 2 -^ 7

—

Z X 15

(A9.5.25o)

( 222^8

=

IXia

(A9.5.25p)

> 0- It follows from (A9.5.25b-p) that X i , • • • , X \ q all have the same sign,

which can be chosen to be positive. That is, X can be chosen with X > 0 , as required.

□
In fact, it is possible to find the equilibrium X* explicitly by solving the equations (A9.5.25b-p)
with equation (A9.5.25a) holding automatically because of the consistency condition det J{ W*) =
0. Hence, we find that

X

=

C

^1

5

^ ^ 1 ^ 1 2 » ^ ^ 2^215

^ ^ 2^ 225 ^ 1 ^ 11^1115

^12^1215 ^2 ^2 1 ^2 1 1 »^2 ^2 2 ^2 2 1 )^1 ^11^1125 ^1 ^1 2 ^1 2 2 )^2 ^2 1 ^2 1 2 )^2 ^2 2 ^2 2 2 )^
(A9.5.26)

Note from (A9.5.18) that since
b y ï^ p .

^ — 1 then the first term in (A9.5.26) may be replaced
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A9.6 Stability of the non-zero equilibrium
We now want to investigate the stability of the non-zero equilibrium, X (9.11.2). Consider
F (X ) = J (W )X . The Jacobian derivative of F is the 16 x 16 matrix

dW

(A9.6.1)

That is,

D F (X )

=

J { W ) + [J'(W )X]VW ^

where J' {W) X. is regarded as a column vector (i.e. a 16 x 1 matrix), and
vector (1 X 16 matrix),
dw
dXj = LJopo for j > 1, so that

••• ,

VVF

Now it follows that

=

wopoG

(A9.6.2)
is the row
= 0, and

(A9.6.3)

where e = (0 ,1 ,1 , • • • , 1)^. It now follows that

0
0

J'{W)X

=

^22-^4

6121-^6
(2ii;^7
^221-^8

^122^6
^212-^7

y^222^8J
Thus

(A9.6.4)
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(J'(VK)XlViy'^

=

(A9.6.5)

~K{X)

where KÇX.) is the 16 x 16 matrix

K{X) = (
with a —

0

a

Note that since

...

a )

^'ij{W) and

(A9.6.6)
are all negative, the

components of a are all non-negative whenever X has non-negative components.
We now obtain

divF{X.)

=

traceD F {X .) = trace,!(W ) — e ■a < 0

since e • a > 0 for X > 0, and trace,7{W ) = —{kE 4-

(A9.6.7)

-f- 81) < 0. It therefore

follows from Liouville’s Theorem [231, 262] that volumes contract under the flow (9.11.5), and
hence that there must be a lower dimensional asymptotic attractor.
In particular, a — —uJopo,7'{W*)X.*, the Jacobian derivative for the system (9.11.5) at equilib
rium is DF* = J* — K * . That is,

D F *X

=

r x - W (X )a*

(A9.6.8)

=

(A9.6.9)

where VT(X) = e • X . Hence

DF*X*

-W *a*

It follows from (A9.6.8) that DF* = ,7* on the (15-dimensional)hyperplane W = 0; i.e. on

16

e -X

=

= 0

(A9.6.10)

r=2

L em m a 3. (i). / / U is an eigenvector of ,7* with eigenvalue A and W (U ) = 0, then U is an
eigenvector of DF* with eigenvalue A.
(ii). 7f X is an eigenvalue of ,7* with eigenspace of dimension k > 1, then A is an eigenvalue of
DF* with eigenspace of dimension at least k — 1.
Proof (i).

By (A9.6.8), D F * U = J*U = AU.

eigenvalue A.

Hence, U is an eigenvector of DF* with
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(ii). Let U i , U 2, --- ,Ufc be k linearly independent eigenvectors of J* with eigenvalue A. If
VK(Ui) = 0 for each z, then A is an eigenvalue of DF* with eigenspace of dimension at least k, by
(i). So, suppose, without loss of generality, that ly (U k ) 7^ 0. Let V* = VF(Ufc)Ui — H^(Ui)Ufc
for 1 < ?; < fc — 1. Then V%, - - , Vfc_i are linearly independent, and IT (V i) = 0. It therefore
follows from (i) that V* is an eigenvector of DF* with eigenvalue A. Hence the dimension of
the eigenspace of A is at least k — 1.

□
C o ro lla ry 1 . The unstable manifold 0/ X* has dimension of at m ost 9.
Proof. The repeated eigenvalues of .7* are — wi th multiplicity 7, —kA with multiplicity 3.
By the corollary, it therefore suffices to find 7 linearly independent eigenvectors for —I, and 3
linearly independent vectors for —

It will then follow that the stable manifold has dimension

at least 6 + 2 = 8 , and hence the unstable manifold cannot have dimensions more than 9.
The eigenvectors of .7* corresponding to an eigenvalue A are the non-zero solutions of equations
(A9.5.25a-p) in the proof of Proposition 9.3 with

k[,, k]\f, kA, I replaced by k s + A, k i +

A, /u/v + A, kA + A, / + A.
(1). Taking A = —/, we find 7 linearly independent solutions:

Ur

=

(0, ••• ,0 ,0 8 ,0 , • • • , - 0 r ) ^ ,

for 1 < r < 7

(A9.6.11a)

where 0s is in the (8+r)th place. Then

VP(Ur)

-

08 - 0r > 0

(A9.6.11b)

(2). Taking A = —kA, we find 3 linearly independent solutions:

Vi

=

(0, 0, 0, 0, l'{(j)^A^ + 08^8), 0, 0, —l'{(f)\A\ + 05As),

0, 0, —^221 (01^1

+ 05As), ^ii2(04A4 +

(f)8Ag),

(04A4 + 08As),

0, 0, —^222(01^1 + 0 s A s ))^

(A9.6.12a)
V 2 — (0, 0, 0 , 0, 0, I'{4>aA/^ + 08A8), 0, —1\4>2A2 + 06As), 0, ^*21 (04A4 + 08A8), 0,

—^221 (^2 A2 +

0 6 As), 0 , ^122 (^4A4

+

0 8 A8 ), 0

, —^222(02A2 + 06Ag))^
(A9.6.12b)

V3 =

(0, 0, 0, 0, 0, 0, /^(04A4 + 08A8), —/^(03A3 + 07A7), 0, 0, ^211 (*^4A4 + 08A8),
“ ^221 ( 0 2 A 2 + 0 6 A s ) , 0, 0, ^212((^4A4 + (pgA s), —^ 2 2 2 +

<1)7A j ) ) ' ^

(A9.6.12c)
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where A i =

A2 =

(T 21,

^3 =

(2 1 1 , ^ 4

=

(2 2 1 , ^ 5

=

(1 1 2 ,

^6 =

(1 2 2 ,

^7

=

(2 1 2 ,

-i4g — ^222 ^Tid V = I — fcy4(3). Taking A = —A:at, we can now determine an eigenvector of J* which was found to be:

C i* 2 « 2 2 « ' 5 , - & &

where V = I —

2 » :, -G 2 & 2 $ :)^

( A 9 .6 .1 3 )

and k \ — kA —kjsj.

□
Finally, for any other eigenvalue of J*, that is a solution of (A9.2.15), an argument like that
used above to derive (A9.5.26) shows that the corresponding eigenspace is 1-dimensional, and
that an eigenvector is given by the expression (A9.5.26) with /cg, fc/,. A:at, A:^, I replaced by
kE + A, A:l + A, Aîat + A, Ai/i -f A and Z+ A. In principle, we have therefore constructed a basis
of

consisting of eigenvectors of Jj* (A9.5.23). Unfortunately, it is too complicated to be

useful.
Therefore, in Section 9.12 we make use of numerical methods that will yield some parameter
values and time-dependent tick stage functions, namely, W{ t ) , L{t), N{ t ) and A{t) which on
simulation and plotting will ideally illustrate what we should expect from the trend of tick
population over an arbitrary time scale, t in days. The resulting simulated tick population
trends are represented by plots that are given by Figures 9.12-9.17 (pages 336-346) for the
complete tri-phasic tick life cycle.
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Chapter 10
DISCUSSION II
We have shown that herd resistance can be quantified by considering either ^parasitic’ or ‘/reeliving’ phase data by determining the measure of ''zebu contenf, C that was initially used in
Australia in connection with research work on methods to control the tick species B. microplus
to quantify herd resistance [54, 319, 320, 321, 322, 323, 324, 325].

The measures of 'zebu

content'' from parasitic phase (8.4.2) is depended on host tick load, whereas that of free-living
phase (9.9.8) is depended on tick egg mass. Although the two measures of 'zebu contenf might
appear different they are actually quantifying the same cattle trait, innate herd resistance from
different angles.
The measure of 'zebu contenf is a numerical expression of herd resistance which is a consequence
of natural selection in evolutionary time scale. Sufficient numbers of resistant hosts are required
to guarantee that the measure of 'zebu contenf, C is less than one, otherwise tick population
can increase even in the presence of resistant animals. When £ < 1, a tick population cannot be
supported, because according to (8.4.2) (for 'parasitic' phase ticks) and (9.9.8) (for 'free-living'
phase ticks) its rate of reproduction will be very low to have any appreciable impact or alter
its declining population.
The parasitic phase measure of 'zebu contenf is a consequence of determining the 'tick pop
ulation reproductive potential', TZo that was obtained as (A8.1.5) for the homogeneous herd
and (A 8.2.6) for the mixed herd. Clearly, the homogeneous herd value is a special case of the
mixed herd value for that reason we shall be referring to the mixed herd case when making
reference to the parasitic phase stage of tick life cycle. The measure of 'zebu content', C from
parasitic phase data is dependent on tick load at all life stages, this differs from the Australian
case who only considered percentage of attaching larval ticks that mature as a measure of 'zebu
contenf [54], while others have only considered attached adult ticks [52] as measure of animal
resistance. We see from our situation that whenever T^o < 1 a non-zero tick population cannot
be supported, and in effect £ < 1 signifying high 'zebu contenf. In that case host resistance to
tick infestation is increasing and general herd resistance is high.
An important point from our analysis is the realization that herd resistance, £ has a lower
limit (minimum susceptibility) when hosts are composed of entirely resistant animals, however
an upper bound is non-existent because such a case will favour very high tick population that
will eventually decimate the host population, clearly, such a high limit cannot be achieved.
Extending the analysis of tick population to free-living phase ticks yields similar measures but
from a different angle. We find that there is a linkage between the three important terms of ticks
'basic reproduction ratio', TZ] the ‘tick reproductive function’, ^ (W ) as a function of tick-load,
W ; and the measure of 'zebu contenf, £ that quantifies herd resistance. The principal factor
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in all the three is the tick reproductivity that is deduced from the quantity and quality of eggs
produced.
The ticks’ feeding sequence and the resulting effects of host immunological responses to ticks’
life history are important and important determinants that ultimately influence the ticks repro
ductive capacity. Our results have shown that the final production of eggs sums up the tick life
history through all the developmental stages, and also indirectly tells us the host resistance it
encountered in the course of its feeding. A unique feature of our model system (9.3.1) is that it
relate the overall tick reproductive capacity to the tick instar feeding patterns from the larval
to nymphal and finally to egg laying adult stages, thereby availing to us post-feeding tick data
from a cross section of animals in the herd.
Therefore, the measure of ''zebu contenf, L computed will tend to give a more realistic quantifi
cation of herd resistance, compared to when such a measure is determined from only a single
instar stage, similar to what has been done elsewhere [52, 54, 57]. Our findings also show that
by relating tick 'basic reproduction ratio\ TZ to expected egg mass, we observe that the greater
the proportion of time a "parasitid^ phase tick spends on a resistant host, the lower is the
transition probability, from "parasitid"’ phase to "free-living’'' phase and the lower the resulting
egg mass. Work done in Australia on the tick species B. microplus offers the best example that
can be used as a yardstick to compare with others.
Our use of the term 'zebu contenf is borrowed from the Australian experience [323], who while
investigating the ecology of B. microplus found that the major determinant of population size
of the tick is the resistance status of its cattle host. The B. indicus quantity or 'zebu contenf of
cattle is the most important factor determining their resistance level [319]. However, resistance
varies with season and nutrition [322]. There is also significant variation in resistance from year
to year which can have a marked effect on the size of tick population [322].
W hile investigating the resistance of different breeds of cattle to tick species B. microplus,
Sutherst et al. [320] observed that the resistance of cattle to B. microplus varies with cattle
breed, sex, age and lactation and with season and nutrition. The expression of host resistance
to B. microplus is subject to the influence of many environmental and animal factors. Despite
that, animal breed is still by far the most important effect, and dilution of B. indicus genes i.e.
'zebu contenf leads to marked increase in survival rates of ticks on cattle [320].
In the Australian case, development of free-living stages, host-finding and feeding are used as
a basis for the analysis of management options, where host resistance is seen as an essential
basis for any integrated control approach. Host finding is expressed as the proportion of larvae
picked up per animal per week (animal^ ^week^ ), and mean herd resistance is described by
the percentage of attaching larval ticks that mature (% yield); high resistance is therefore
associated with low % yield and vice-versa [54]. Despite the pervasive impact of cattle density
and movement on the cattle tick life system, in most situations it is the effect on host-finding
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rate that is likely to have the major impact on tick population dynamics [54].
The heritable resistance level of cattle is largely determined by breed. It is generally accepted
that production losses occur where more than 50% ''zebu contenf is incorporated into European
crossbred cattle, except in the hot tropics where greater percentage is advantageous to cope
with the stressful conditions [54].

The tick yield of a herd with 40-50% 'zebu contenf for

instance, can range from 1 to 6% at least, producing equilibrium tick populations ranging from
an insignificant number to over 300000 ticks beast

y e a r i n a sequence of average years.

However, herds should be distinguished not by their 'zebu contenf but in terms of their average
resistance level, expressed as % yield of larvae to adults [54].
The tick species R. appendiculatus being tri-phasic has a more complex life cycle than the
Australian species B. microplus which is mono-phasic species, and feeds on only one host from
larvae stage to adult and only drops off to lay eggs at the engorged adult stage. Therefore,
during its life stages, it encounters host immunological responses from only one host, unlike the
R. appendidiculatus which might likely encounter such responses from three different sources
and therefore having the ‘privilege’ of sampling a wider cross section of hosts than the B.
microplus tick.
A major disadvantage of the Australian model which is addressed by our approach is in comput
ing measure of 'zebu contenf from larvae stage only [54], whereas in our situation we consider
two approaches depending on whether we are looking at the 'parasitic^ or 'free-living^ phase
stages. The 'free-living^ phase stages uses the final egg mass as the variable. The elucida
tion of features of female engorgement and oviposition is an essential part in the study of tick
life-histories. At the same time, these processes are the primary targets of acaricides and the
reproductive output is used as a measure of efficacy of acaricidal impact. The weight of an
engorged female, as well as the number of eggs produced by the female, are the most important
variables measured [327, 328]. In most studies, the number of eggs increase almost linearly with
increasing weight of the engorged female [327].
The positive correlation between female weight and egg number is a phenomenon found not only
in ixodid ticks, but also in other blood sucking arthropods, and the relationship between body
size and female fecundity is a widespread phenomenon in the animal kingdom [327]. Since the
tick is likely to feed on different hosts either from same or different herd during its life cycle, the
measure of 'zebu content\ C that we obtained will tend to give a more realistic quantification
of herd resistance, as compared to when such a measure is computed from only a single instar
stage, similar to what was earlier done in Ethiopia [52], Australia [54, 320] or Kenya [57].
Our measure has the advantage of having “traits” from the cross section of the herd, hence
representative of the herd population, and not just single or isolated animals.
The analytical determination of the measure of 'zebu contenf, C in functional form as in our
case provides us with a much more flexible tool that can be easily integrated into an integrated
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tick management programme that provides field ecologist with a selection of options to work
from. A likely useful application of the this is the possibility that we can hopefully select herd
composition based on several parameter values used to compute ^zebu contenf, C and then
decide the best value that we need before prior to giving practical advice on how to manage
and control a given tick population to farmers. The Australian approach is static and indexible
as it only gives single percentage values [54].
The ticks’ feeding sequence and the resulting effects of host immunological responses to ticks’ life
history are crucial in influencing our measure of ^zehu contenf and hence herd resistance, and
in understanding the dynamics of the tick-host relationship, which is the central theme in Part
II. The interaction models formulated as (8.4.1a) and (8.4.1c) for “paraszizc” phase life stages,
and as (9.3.1) for free-living’^ phase life stage constitute the complete trophic interaction food
chain model system for the tri-phasic tick R. appendiculatus. This set of models relates the
overall tick reproductive capacity to the tick instar feeding patterns from the larval to nymphal
and finally to egg laying adult stages.
In formulating the

parasitic’’’ and ^’f ree-living’’ phase models, the host density, H , has been

taken to be constant rather than as a state variable. This is because on the time scale of a ticks
life cycle the effects of ticks on host population growth rate are not immediate; it takes time to
have an effect and by that time several generations of ticks will have taken place. However, in
cases where disease is involved, domestic cattle suffer greatly because ECF kills cattle very fast
and many do indeed die. Hence, the availability of hosts will be assumed, since there can never
be ’’parasitic” phase ticks, and by implications ’’free-living’’ phase ticks, without the presence
of hosts. This includes domestic cattle as hosts, whose density is maintained at more-or-less
constant levels by humans.

However, the models do not explicitly take into account more

variable wild-host populations, which can act as a reservoir.
The formulation of the ’’parasitic” and ’’free-living” phase models incorporated approaches
never attempted before by previous workers. By splitting the ’’parasitic” phase models into
components of homogeneous (8.4.1) and mixed (8.5.1) herd provided us with a wider base of
information that comes out of the model analysis. In particular the explicit modelling of the
host’s immune response is something that hasn’t been done by previous authors. Vail et al.
[275] modelled the population biology of the nymphal stage of the tick species Ixodes scapularis
by formulating an autonomous generalized system of ordinary differential equations with state
variables of the three life stages: density of questing nymphs; density of feeding nymphs, and
density of developing nymphs. While we have done the same with the R. appendiculatus tick, we
have gone further to include all the life stages, and in particular the effects of the host immune
response that is represented in our model system by the ’’index of susceptibilitÿ’, Ia{W) .
A similar approach to [275] has been attempted by Mwambi et al. [334] on the tick species
R. appendiculatus who observed that most interaction models of ticks and their hosts are sim
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ulations rather than analytical. Analytical models of interactions between brown ear tick {R.
appendiculatus) with their hosts are rare due to the complexity and lack of information on
the entire stages of ticks life cycles. Mwambi et al. [334] developed an R. appendiculatus tick
model formulated as a system of linear ordinary differential equations with constant coefficients,
in which they categorized the vector (tick) into discrete number of stage-structured compart
ments according to its life cycles. Similar to what we did, their model [334] stresses that for
tick population to thrive, host abundance and availability is crucial. However, their notion that
movement of household cattle has to be controlled in order to slow the perpetuation of the tick
population is not realistic because most pastoralist communities are always moving in search
of pastures and water for their cattle, and thereby unknowingly helping to perpetuate the tick
population.
The model of Medley et al. [304], constructed as a non-autonomous linear system of time-delay
ordinary differential equations to quantify the transmission dynamics of T. parva in eastern
Africa did not take into account the effects of host immune response, despite the fact that
the experimental cohort of calves born into the endemic area and divided into five groups
of: susceptible to infection; incubating infection; primary/acute infection in animals that will
eventually die; primary/acute infections in animals that will survive and recovered animals,
had to mount a vigorous immune response to challenges from the infesting on-host tick load in
one way or another.
However, there is a close similarity to our host immune approach in that they made a basic
assumption that the rate of disease transmission is related to the degree of T. parva infection
in the herd; that is, the rate of infection was directly proportional to the rate at which ticks
attach themselves to and feed on cattle. This is similar to our assumption that host immune
response is magnified more as the on-host tick load increases. While in our case this is made
explicit through the susceptibility function, /o-(W), it is not so in [304].
One aspect of host immune response that was not catered for in the

parasitic^’’ phase models

is the individual contributions of the larval (L), nymphal {N ) and adult (A) populations to
the induction and onset of the host immunological response. These distinct life phases were
amalgamated into a homogeneous measure of “tick load”, W . It has been observed that the
number of infesting ticks and their life-cycle stages influences host immunological and other
antibody responses, in that feeding adults induce a more intense immunological response than
either nymphal or larval engorgement [312], with larger ticks secreting a significantly greater
fluid volume per minute of saliva [313].
Therefore, by suitably weighing the contributions of each instar in the “/ree-Zzmng” phase since
this is where they are represented independently, we could have reflected the impact of each
feeding instar in inducting host immunological response. We never included this instar weighting
because several authors as in [33, 304] seemed to indicate that all instar stages are harmful to
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the host since disease parasites can be transmitted by all stages, hence the equal weighting we
gave to the instar stages. However, what is not at dispute is that adult ticks more than the
larvae and nymphs are voracious feeders especially in the last few hours just before drop-off.
Randolph [279] and Wikel et al. [305] noted a feature that is included in our model through the
susceptibility function, 7<j(V7), that a tick feeding over a period of days can be a target of host
immune defenses, with subsequent infestation being more susceptible to antibodies and other
immune effects stimulated by previous exposures.
Another aspect not considered in the “paraszizc” phase models is the cross-generational effect.
Chiera et al. [287] reported that feeding on resistant hosts imposes cumulative stress on future
instars and egg production. These cumulative stresses are such that eggs produced by adults
whose past feeding history involved feeding on resistant hosts experience more stress than those
produced by adult that have fed on at least one susceptible host. This stress is manifested by
low hatchability and low survival rates. The cross-generational effect is also carried over to
the emerging larvae, reducing their longevity and chance of finding a potential host to feed
on. Finally the whole tick reproductive capacity is greatly reduced. What we have assumed
is that the post feeding history affects the quantity of eggs produced, but not their quality.
We deliberately ignored the cross-generational effect because it is difficult to incorporate in the
model system as it involves cross-generational time-delay effects.
The homogeneous herd model (8.4.1) and the mixed herd model (8.5.1) yielded a dimensionless
parameter, TZq, that is identical to what is usually called the '‘^basic reproductive

but

we shall call it a measure of tick population ^'‘reproductive p o te n tia r. It is a measure that
determines the stability of tick population equilibria. The homogeneous herd model yielded
two states of equilibria, the zero or tick-free equilibrium, { W , F ) = (0,0), and the non-zero or
tick-present equilibrium (W, F) > (0,0). Proposition 8.1 shows that the tick-free equilibrium is
locally asymptotically stable if and only if T^o < 1 (A8.1.5). The implication of this condition
is that it sets out the requirement for a non-zero tick population to be supported. Thus, as
long as the animals have a low susceptibility (A8.1.6) which is a consequence of (A8.1.5), is
satisfied, the non-zero tick population can never be supported, whatever the herd size. Clearly,
(A8.1.6) implies that the animals fed on by the ticks have a low susceptibility (high resistance)
in relation to the breeding success of ticks on such animals, represented by (3q.
The non-zero equilibrium F given by (A8.1.9) contains a non-increasing susceptibility function
term, I { W ) — J{w), whose lower bound is given by (A8.1.12) and TZq > 1 (A8.1.14). An analysis
of the non-zero equilibria showed that there is only one non-zero equilibrium w satisfying
(A8.1.11). Thus, by Propositions 8.2 and 8.3 we see that if condition F q > 1 holds then there
is exactly one non-zero equilibrium of the system (8.4.1) which is locally asymptotically stable.
This implies that if T^o > 1 then the zero equilibrium is unstable, and hence the tick population
will always increase.
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The assumption that the immune response of the host, represented by I { W) , or equivalently,
by J{w), is non-increasing is based on what is expected from the host immunological response,
as referenced by several researchers [44, 60, 279, 305, 306, 308, 310, 311, 312, 313]. Thus, as the
tick load increases from zero, but remains very much smaller than the tick carrying capacity of
the host, it is reasonable to suppose that the host mounts an effective immune response which
decreases its susceptibility to further attack; i.e. J{w) is decreasing. This immune response
is represented in the model by an increase in probability with which ticks drop off the host
without having fed successfully, 1 —I { W) . This sub-optimally fed group of ticks is assumed to
eventually die because they are unable to complete the full development cycle.
Thus, when a host is sufficiently immune compromised by tick attack, further attack becomes
easier. A response of this type shown in Figure 8.1 which illustrates that within the range
0 < w < w the host is able to mount an effective immune response against on-host tick
challenge, and J{ w) is decreasing. As w increases beyond the threshold w, the host’s immune
response is overwhelmed in the range, and the susceptibility increases rapidly to its maximum
value, presumably resulting in the death of the host if this situation persists.
The possible solution of the equilibrium equation, C{w) = 0 (A8.1.15a) reveals two things.
First, for smaller herd size, TZq is much closer to 1 which gives rise to one stable equilibria
(Figure 8.2(a)). Second, for larger herd size, TZq is very much bigger than 1 and this gives rise
to three equilibria (Figure 8.2(b)), two of which are stable, separated by one which is unstable.
The two stable equilibria case implies that the higher equilibrium is much closer to the host
carrying capacity, and so represents a very high level of infestation. This situation can be
reached if some random perturbation pushes the system out of the lower stable equilibrium and
past the unstable equilibrium into the basin of attraction of the high stable equilibrium.
Therefore, very heavily infested hosts are likely to be so immune compromised that they are
in a highly weakened state, incapable of mustering any decrease in susceptibility. A host in
this condition is therefore vulnerable to any further tick and other opportunistic challenges
from whatever source. Thus, the high tick load stable equilibrium, if ever attained, would be
likely to lead to the destruction of the host. Because of this, the model (8.4.1) is not adequate
to represent this situation as it stands, since no provision is made for host mortality. Host
mortality, especially in the case of domestic cattle, is difficult to quantify, as there are several
“izc/c-/ree” factors that reduce the herd size which are not part of host natural mortality and are
not easily quantifiable. For example, anthropogenic factors such as: economic considerations,
food requirements, cattle rustling and socio-cultural factors, or environmental factors such as:
severe drought, sudden outbreaks of fatal diseases and wild predators.
Similar to the homogeneous herd model, the mixed herd model yielded two states of equilibria,
the zero or tick-free equilibrium, ( W i , kp2, F) = (0, 0, 0), and the non-zero or tick-present equi
librium { W i , W 2 , F) > (0 ,0 ,0 ). Proposition 8.4 shows that the tick-free equilibrium is locally
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asymptotically stable if and only if IZq < 1. This condition implies that a non-zero tick popu
lation can never be supported, whatever the herd size whenever the measure of *‘zehu contenf
C < I (A8.2.9) with the minimum value of L occurring when the herd is composed of only
resistant hosts, i.e. fii = 0 , fi2 = 1- What this implies is that these animals have to have a
low susceptibility as indicated by (A8.2.10) in relation to the breeding success of the ticks on
such animals, represented by (3(^q. Clearly, condition C < \ holds for all (/ii,/U2) if and only
if (A8.1.10) holds for a = 1 since resistant hosts are less susceptible than susceptible hosts
i.e. I 2 < 7i, resulting in a lower egg birth rate for ticks that have fed on resistant hosts to
susceptible hosts i.e. P2 ^ (3i- However, for any realistic herd, condition £ < 1 which implies
unusually high herd resistance levels is unlikely to hold.
A graphical illustration of hosts whose immune system is sufficiently compromised by tick attack
is shown in Figure 8.3 for two susceptibility functions, J\ (w) and .72(u;) showing the ranges when
the functions are monotonically decreasing and increasing. It is clear that the susceptibility of
a type-2 host is consistently lower than that of a type-1 host, and the immune system of the
type-1 host is overwhelmed at lower tick loads than is the immune system of a type-2 host.
The non-zero equilibrium F given by (A8.2.18) contains a non-increasing susceptibility function
term, I a{ Wa) = Ja{F}a) (Figure 8.3). The non-zero equilibria gives rise to two equilibrium
equations, (A8.2.19) and (A8.2.22), with (A8.2.22) being a consequence of manipulating the
two parts of (A8.2.19). The graph of the left hand side of (A8.2.22) given in Figure 8.4 shows
that when hosts are of high resistance

= 0.1) we only get a single stable equilibrium, and

when hosts are of low resistance {ji\ = 0.9), three equilibria points arises with the two stable
equilibria separated by an unstable equilibrium.
Figure 8.4 illustrates two things. First, for highly resistance hosts {fi\ — 0.1) T^o is possibly
much closer to 1 which gives rise to one stable equilibria (Figure 8.4 for

— 0.1). Second, for

highly susceptible hosts {fii = 0.9) TZ-o is very much bigger than 1 and this gives rise to three
equilibria (Figure 8.4 for

= 0.9), two of which are stable separated by one which is unstable.

The two stable equilibria case implies that the higher equilibrium is much closer to the host
carrying capacity of either host type, and so represents a very high level of infestation. The
model (8.5.1) assumes that the carrying capacity for the two host types satisfy K \ > K 2 , the
tick load at equilibrium in Figure 8.4 refers to

i.e. the tick load on the susceptible hosts.

The corresponding equilibrium tick load on the resistant types is W2 < w \ (A8.2.16). Hence, it
is possible that the upper equilibrium (Figure 8.4 for

= 0.9) is so large that it would destroy

susceptible hosts, but may still not be large enough to destroy resistant hosts.
The 16-dimensional system of equations (9.3.1) models the tick life cycle in the “/ree-/m ng”
stage. This presented more challenges in its analysis than the ^^parasitid^ phase models because
of the larger number of (non-linear) equations. As usual, finding suitable susceptibility func
tions, I(T, that capture the biological essence with mathematical simplicity was a problem. Past
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dynamical models of other tick species [275] and R. appendiculatus [334] at the ^'’free-living'’
stage has already been discussed. Most of the past "free-living’ phase models encountered in
the literature survey (sub-section 7.8.1), were data based tick distribution models that had been
developed and converted into integrated computer models as management tools designed for
investigating R. appendiculatus populations, the disease East Cost Fever (EOF) and its control.
Such models have their own limitations in predicting the distributions or seasonal dynamics
of R. appendiculatus. Use of analytical models similar to what we have (9.3.1) has certain
advantages over the computer simulation models [334].
First, when dealing with “continuous” phenomenon such as plant quality or with large popula
tions as in the case of fly population and odour concentration , use of differential equations to
describe the scale of changes in the variables under investigation is very ideal, as this imparts
on the system under description a potential for further analysis via analytical, asymptotic and
numerical methods. Second, these models points to what kind of data we need hence, the di
rection in which experimental work should be geared to. The need for field trials is made more
pertinent when we take into considerations the difficulties we had in estimating certain essential
parameters such as measure of fiy-odour association, (3, similar to what we encountered in some
of features of tsetse biology such as odour decay, 7 and threshold odour concentration, K q.
However, the disadvantages of these models is that they are difficult to analyze, and also they
present the researcher with some parameters which might not be easily estimable.

Third,

they provide us with a way of predicting future population trends. The computer simulation
models discussed in section 7.8 lack scope for further analytical treatment. However, they are
still useful in providing initial estimates of some life stage parameters such as rates of birth,
fecundity, mortality and survival which at times are needed in the analytical models.
Stability analysis of (9.3.1) yielded two states of equilibria, the tick-free (X = 0) and tickpresent (X 7^ 0) equilibrium where X is the state vector of life-cycle stage densities; X =
{E^ L, N(-), A ("), A ( - • • )) (see (9.11.2) or (A9.2.2)). Clearly, a non-zero tick population is
viable if and only if the tick-free equilibrium is unstable.

The basic reproductive ratio, TZ

(9.5.4), is a measure of tick viability and is obtained from steady state considerations of (9.3.1).
Proposition 9.2 shows that whenever TZ > 1 then the tick-free equilibrium of system (9.3.1) is
asymptotically unstable, and hence a non-zero tick population is viable. The form of 7Z given
by (A9.2.16) indicates that 7^ is a monotonically increasing function of host density, H , with a
necessary condition for the existence of a viable tick population given by TZoo > 1 (9.5.6) where
TZoo is the limiting value of 7Z for a herd of infinite size (see (9.5.5)). If TZoo > 1 then there is a
critical host density, H*, such that a non-zero tick population is viable if and only if 77 > 77*,
in which case this critical host density satisfies TZ = 1.
By relating tick viability, TZ, to expected egg mass, 0 (9.5.4), we observe that the greater the
proportion of time a "parasitic” phase tick spends on a resistant host, the lower is the transition
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probability, from ''^parasitid^ phase to '‘''free-living’’ phase and the lower the resulting egg mass,
0{ijk) (9.3.2c). The introduction of a small number of susceptible hosts into a population of
purely resistant hosts can only increase the expected egg mass, 6 (9.5.2). We now see from the
egg equilibrium condition (9.6.7) that if the host density H is too small, so that 6*{H) > Aq
where 9*{H) is the critical egg mass associated with a herd of size H. Thus, no tick population
infesting a host population with a high proportion of resistant hosts can be viable {p > p*)
(Figure 9.6) hence, a tick population is viable if and only if 6 > 6*{H). On the other hand, if
H is large enough and 6*{oo) < A3, then all possible host populations can support a non-zero
tick population. If A3 < 9*{ 0 0 ) < Aq (9.6.2) and (9.6.10b), then a certain non-zero fraction of
susceptible hosts must be present before a tick population can be supported.
An important consequence of convexity in the expected egg mass, 9*{p) (9.6.2) is that a decrease
in 9*{H) (9.6.7) (corresponding to an increase in H) produces a smaller decrease in p* than
would be the case if 9 were linear or concave. In principle, this means that a higher proportion,
p, of susceptible hosts can be maintained while still keeping p < p*, so that there is no tick
population take-off as H increases, at least until H reaches a significant size, when p* may
decrease rapidly.

However, in practice, the host densities H at which this is true may be

impractically small - the model does not remain valid when only a few animals are responsible
for small host densities. In this situation, random effects are likely to be dominant.
This convexity phenomenon draws attention to the fact that, from the point of view of a farmer
whose interest is in maximizing yield for minimum cost, there is likely to be a subtle trade-off
between herd density, H, herd composition, p, and the potential costs incurred by failing to
avoid a significant host infestation by ticks. From this point of view, it is of more interest
to describe the threshold value p* as a function of H (see Figure 9.6), since p and H are
the variables which are directly under a farmer’s control. We showed that there is a positive
host density H q, satisfying p*{Ho) = 1, at densities below which a tick infestation is never
supportable.
At the other extreme, 9*{ 0 0 ) > A3, then p*{oo) > 0 (see Figure 9.6). In this case, some non
zero proportion of susceptible hosts can be maintained without provoking a tick infestation,
however large the host density. What this means is that a population of pure resistant hosts
can never support a tick outbreak, whatever its density because the measure of 'zebu contenf
will always be less than one as seen from (9.9.7) and (9.9.8). On the other hand, we see from
Figure 9.7 that if 0*(oo) < A3, then there is a finite host density, 77%, satisfying p*{ H\ ) = 0,
above which a tick infestation is always supportable, whatever p is.
The derivation of the "'tick reproductive function’’, ^(VF) (A9.3.8) showed that it is equal to
a constant value, C. The tick reproductive function , ^ (W ) (A9.3.8) is a sum total of all the
feeding histories {h) and hence by implication the "free-living” tick population, F. The constant
term, C , provides us with a cut-off level needed for a tick population to be sustainable. This
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cut-off level will fluctuate depending on the size of parameters influencing the value of C. A
tick population in which ^ (W ) < C cannot be sustained (Figure 9.10).
Clearly, the tick reproductive function, ^(VF), is a reflection of tick population feeding on a
mixed herd. What this implies is illustrated in Figure 9.10(b); that ^ (W ) > C is beneficial in
the long run to the tick population when feeding on a large mixed herd, in spite of the presence
of resistant hosts. This can be attributed to the fact that the large herd size increases a tick’s
chance of being picked by a host, and when the host is susceptible, the lucky tick makes up in
increased fecundity “on-behalf” of the unfortunate ticks who fed on resistant hosts.
Analysis of the tick-present equilibrium, X 7^ 0 verified that the tick-free equilibrium X = 0
is unstable by virtue of 72. > 1 (9.11.8) and (A9.2.16).

An important consequence of the

analysis of the tick-present equilibrium is that it establishes (9.11.9), which is a necessary and
sufficient condition for the existence of on-host tick load equilibrium, W * . Since the ^(W )
terms depend on the host’s (average) immune response, two important facts emerge out of
this condition. First, the left-hand inequality in (9.11.9) asserts that this response should not
be so effective when unchallenged that it prevents ticks becoming established. Second, the
right-hand inequality in (9.11.9) asserts that, once ticks are established, the induced immune
response should not be so ineffective that the tick population explodes without limit.
Establishing the stability of the non-zero equilibrium by constructing a basis of 72.^® consisting of
eigenvectors of matrix ./j (A9.5.23a) was difficult. Therefore, we made use of sensitivity analysis
to some key tick-host interaction parameter and computer simulations of the numerically derived
solutions to elucidate the trend in tick population at different stages over some arbitrary time
scale. The tick population is clearly sensitive to variations in the principal tick-host interaction
parameter which is represented by a non-increasing susceptibility function, I(j{W). Sensitivity
of the tick population to this parameter was done by numerical simulations of two cases of
T^cr(W') selected as an idealization of what to expect in the field: an exponential decrease and
asymptotic variation of susceptibility.
The exponential decrease in susceptibility (9.12.1) is a reflection of ticks feeding on hosts whose
resistance levels are increasing with increasing tick load, W, thereby reducing values of the ticks
transition functions (A9.5.6) which means a reduction in tick population from one instar stage
to the next. Whereas, the asymptotic variation in susceptibility (9.12.2) is a reflection of the
various immune responses on-host ticks might go through depending on how the affected hosts
respond. The different plots (Figures 9.8 and 9.9) of the asymptotic variation case (9.12.2)
shows that the susceptibility gaps, Qo-, of those hosts whose immune system are not effective
against tick load (Figure 9.8) to be much bigger than hosts whose immune system are very
effective (Figure 9.9) against tick load.
The four types of simulations showed that when ticks feed on hosts with increased susceptibility,
the equilibrium tick load, W*, and W* — 1.7003 x 10^^ is much higher (Figure 9.12) which might
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result in death of host since such a high a number of on-host tick load cannot be sustained. The
graphs of the various tick life stages plotted against time, t, exhibited the same trend. There is
a phenomenal increase in numbers of on-host tick load when feeding on highly susceptible hosts
(Figure 9.13). The time taken by the populations of the '‘’‘free-Uvinff’ stages, i.e.

larval, L

(Figure 9.14); nymphal, N (Figure 9.15); unfed adults, A{ i j ) (Figures 9.16a, b) and fed adults,
A{ i j k) (Figures 9.17.1, 9.17.2, 9.17.3, 9.17.4) to stabilize is much shorter when these life stages
feed on susceptible hosts only.
In running the simulations, we assumed an equal proportion of susceptible hosts to resistant
hosts i.e.

= 0.5.

However, when a tick feeding sequence has more resistant hosts than

susceptible hosts, there is a dramatic decrease in the respective tick populations as seen in
Figures 9.14, 9.15, 9.16, and 9.17. This simulation result agrees with the observations of Chiera
et al. [287] and Latif et al. [56, 57, 288], who noted that the tick’s past feeding history plays
an important part in influencing the ticks future reproductive capacity, and that resistance
hosts reduce the percentage of ticks feeding successfully on them at each instar. Also, the more
often a resistant host is encountered in the tick development cycle, the more its future feeding
abilities are greatly reduced, accompanied by a greater reduction in the final egg production.
The end result is that the whole tick population reproductive capacity is adversely affected and
greatly reduced.
The evolution of tick resistance to acaricides has been a major determinant of the need for new
products. There are presently two available methods that rely on host immunity to control ticks;
vaccines and cattle breed-associated naturally acquired resistance to tick infestations [48, 49].
The present state of affairs demands stocking with cattle that acquire pronounced resistance to
ticks, however, using recombinant antigen anti-tick vaccines is a future possibility that should
be explored [48]. The use of resistant hosts in the absence of other intervention methods to
control a tick population is a more affordable, environmentally safe and “cost effective” way of
controlling tick populations to levels that are manageable.
Targeting host resistance has already being utilized in Australia [54, 55, 319, 321, 322, 323, 324,
325] where resistance levels in cattle has been boosted by developing certain genotypes with
proven ability to mount a strong anti-tick response against the tick species B. microplus. The
Australian approach to tick control did not just involve using resistant animals, but rather it is
cocktail of several combinations that involves: (i) use of strategic acaricide treatment coupled
with, (ii) use of tick-resistant cattle, and (iii) immunization against tick-borne diseases should
be considered as an alternative solution capable of being done in Africa [52].
While a vaccine against R. appendiculatus is unavailable at the moment, there is one against B.
microplus tick commonly found in Australia [51]. Clearly, an attractive way to control ticks is to
use resistant animals which naturally acquire resistant to ticks [47]. We believe the same can be
done in the case of R. appendiculatus, where the new cattle genotype mounts sufficient immune
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response. This is achieved by shifting the tick-host equilibrium to a lower level by exploiting
the ability of the host to reduce egg production and tick survival, and hence minimizing the
potential of the tick species to spread T. parva parasites and other tick-borne diseases. Whether
the method is beneficial to a profit minded farmer is another issue. However, economic aspects
can always be integrated into the models to give a compromise on some trade-off, while retaining
the cardinal goal of lowering and controlling the tick population.
Besides using resistant animals, certain steps should be taken that will boost and sustain animal
resistance such as providing quality nutrition and pasture. Host management can be another
useful component of an integrated tick management strategy whereby, lowering the stocking
rate of cattle can lower tick population growth rates by reducing the overall host-finding rate of
ticks [48]. Despite the present trend where most cattle producers rely completely on acaricides
to control ticks on their livestock [48], tick-resistant cattle breeds may become major factors in
the formula for future tick control programs.

383

BIBLIOGRAPHY
[1] Fowler, A.C. (1997): M athematical models in the Applied Sciences. Cambridge University
Press, Cambridge.
[2] Federhen, S., Harrison,

I., Hotton, C., Leipe, D., Soussov, V., Sternberg, R. and Turner,

S. (2002): Taxonomy. In: http://ww w.nchi.nlm .nih.gov/Taxonom y. National Center for
Biotechnology Information, U.S. National Library of Medicine, Rockville Pike, Bethesda,
MD.
[3] Mukhebi, A.W., Perry,

B.D. and Kruska, R. (1992): Estimated economics of theileriosis

control in Africa. Preventive Veterinary Medicine 1 2 , 73-85.
[4] Bhalla, N. (2002): Pan African group takes lead against the tsetse fly. The Lancet 359,
686 .

[5] Laird, M. (1977): Tsetse: The future for biological methods in integrated control. Interna
tional Development Research Centre (IDRC), Ottawa.
[6] Mwangi, E.K., Stevenson, P., Gettinby, G., Reid, S.W.J. and Murray, M. (1998): Suscep
tibility of trypanosomosis of three Bos indicus cattle breeds in areas of differing tsetse fly
challenge. Veterinary Parasitology 79, 1-17.
[7] Baylis, M. and Stevenson, P. (1998): Trypanosomiasis and tsetse control with insecticidal
pour-ons - fact or flction. Parasitology Today 14(2), 77-82.
[8] Mwangi, E.K., Stevenson, P., Ndung’u, J.M., Stear, M.J., Reid, S.W .J., Gettinby, G. and
Murray, M. (1998): Studies on host resistance to tick infestations among trypanotolerant
Bos indicus cattle breeds in East Africa. Annals of the New York Academy of Sciences 849,
195-208.
[9] Msangi, A.R., Saleh, K.M., Kiwia, N., Malele, I.I., Mussa, W .A., Mramba, F., Juma, K.G.,
Dyck, V.A., Vreysen, M.J.B., Parker, A.G., Feldman, U., Zhu, Z.R. and Pan, H. (2000):
Success in Zanzibar: eradication of tsetse. In: Area-wide control of Fruit Flies and Other
Insect Pests (Ed.: T. Keng-Hong). Penerbit Universiti Sains Malaysia, Pulau Pinang pp.
57-66.
[10] Allsop, R. (2001): Options for vector control against trypanosomiasis. Trends in Parasitol
ogy 17(1), 15-19.
[11] Warner, P.V., Mung’ong’o, D., Mrisho, E. and Williamson, D.L. (1985): A three-year study
of morbidity, mortality and reproduction in goats used as hosts for the tsetse, Glossina
m orsitans m orsitansfW estwood), in Tanzania.
17-25.

Insect Science and its Application

6(1),

384

[12] Dransfield, R.D., Williams, B.C. and Brightwell, R. (1991): Control of tsetse flies and
trypanosomiasis: myth or reality. Parasitology Today 7(10), 287-291.
[13] Black, S.J. and Seed, J R. (2001): Preface. In: S.J. Black and J R. Seed (Eds.) The African
Trypanosomas - World Class Parasites: Volume 1. Kluwer Academic Publishers, Boston,
pp. vii-ix.
[14] Rogers, D.J., Hendrickx, G. and Slingenbergh, J.H.W. (1994): Tsetse flies and their control.
Rev. soi. tech. Off. int. Epiz.

13(4), 1075-1124.

[15] Pearce, F. (2000): Inventing Africa. New Scientist, 12 August 2000, No. 2251.
[16] Bourn, D., Reid, R., Rogers, D., Snow, B. and Wint, W. (2001): Environmental Change
and the Autonomous Control of Tsetse and Trypanosomosis in Sub-Saharan Africa. Envi
ronmental Research Group, Oxford.
[17] Stevenson, P. (1998): The effects of tsetse control schemes on trypanosomiasis in Maasai
cattle at Nguruman. Report to the International Centre for Insect Physiology & Ecology
(ICIPE), Nairobi.
[18] Gilbert, M., Jenner, C., Pender, J., Rogers, D., Slingenbergh, J. and Wint, W. (2001):
The Programme Against African Trypanosomiasis Information System (PAATIS). In: The
African Trypanosomas - World Class Parasites: Volume 1 (Eds.: S.J. Black and J R. Seed).
Kluwer Academic Publishers, Boston, pp. 10-24.
[19] LID (1999): Livestock in poverty-focused development. Livestock in Development, Crewkerne.
[20] LID (1998): The integration of livestock interventions into a sustainable rural livelihoods
approach. In: Sustainable rural livelihoods - what contribution can we make? (Ed.: D.
Carney). Department for International Development, London.
[21] Budd, L.T. (1999): DFID-Funded Tsetse and Trypanosoma Research and Development since
1980, Vol. 2. - Economic Analysis. Department for International Development, London.
[22] Barret, J. (1997): Control strategies for African trypanosomiasis: their sustainability and
effectiveness. In: Trypanosomiasis and Leishmaniasis. Biology and Control (Eds.: G. Hide,
J.C. Mottram, G.H Coombs and P H. Holmes). CAB International, pp. 347-359.
[23] Vreysen, M.J.B., Saleh, K.M., All, M.Y., Abdulla, A.M., Zhu, Z.R., Juma, K.G., Dyck,
V.A., Msangi, A.R., Mkonyi, P.A. and Feldmann, H.U. (2000): Glossina austeni (Diptera:
Glossinidae) eradicated on the Island of Unguja, Zanzibar, using the sterile insect technique.
Journal of Economic Entomology 93(1), 123-135.

385

[24] Geerts, S., Holmes, P H., Diall, O. and Eisler, M.C. (2001): African bovine trypanosomiasis:
the problem of drug resistance. Trends in Parasitology 17(1), 25-28.
[25] Molyneux, D.H. (2001): African trypanosomiasis: failure of science and public health. In:
The African Trypanosomes - World Class Parasites: Volume 1 (Eds.: S.J. Black and J.R.
Seed). Kluwer Academic Publishers, Boston, pp. 1-10.
[26] Kithure, M. (2001): Scientists making a nagana tolerant cow. Daily Nation Newspaper of
July 18, 2001, Nairobi, Kenya.
[27] Seed, J.R. (2001): African trypanosomiasis research: 100 years of progress, but questions
and problems still remain. International Journal for Parasitology 31, 434-442.
[28] Rowlands, G.J., Leak, S.G.A., Mulatu, W., Nagda, S.M., Wilson, A. and d’leteren, D.M.
(2000): Use of deltamethrin ‘pour-on’ insecticide for the control of cattle trypanosomosis in
the presence of high tsetse invasion. Medical and Veterinary Entomology 15, 87-96.
[29] Catley, A., Irungu, P., Simuyu, K., Dadye, J., Mwakio, W ., Kiragu, J. and Nyamwaro,
S.O. (2002): Participatory investigations of bovine trypanosomiasis in Tana River District,
Kenya. Medical and Veterinary Entomology 16, 55-66.
[30] Brightwell, R., Dransfield, R.D. and Kyorku, C. (1991): Development of a low-cost trap
and odour baits for Glossina pallidipes and Glossina longipennis in Kenya. Medical and
Veterinary Entomology 5, 153-164.
[31] Hargrove, J.W. (2000): A theoretical study of the invasion of cleared areas by tsetse flies
(Diptera: Glossinidae). Bulletin of Entomological Research 90, 201-209.
[32] Hursey, B.S. (2001): The Programme Against African Trypanosomiasis: aims, objectives
and achievements. Trends in Parasitology 17(1), 2-3.
[33] Aeschlimann, A. (1991): Ticks and diseases: susceptible hosts, reservoirs hosts and vectors.
In: Parasite-H ost Associations: coexistence or conflict (Eds.: C.A. Toft, A. Aeschlimann
and L. Bolis). Oxford University Press, Oxford, New York, Toronto.
[34] Chiomba, R.A. (1987): Tick ecology and epidemiology in Tanzania. 1. Mainland. In: Ticks
and Tick-bome Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings No. 17, Canberra, pp.
18-22.
[35] Chizyuka, H.G.B. and Mangani, M.P.C. (1987): Ticks and tick-borne diseases in Zambia.
In: Ticks and Tick-borne Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings No. 17,
Canberra, pp. 24-25.

386

[36] Latif, A.A. (1987): Ecological and epidemiological studies on ticks and tick-borne diseases in
the Sudan. In: Ticks and Tick-borne Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings
No. 17, Canberra, pp. 30-33.
[37] Mkandiwire, R. (1987): Tick ecology and epidemiology of tick-borne diseases in Malawi.
In: Ticks and Tick-borne Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings No.

17,

Canberra, pp. 26-28.
[38] Norval, R.A.I. (1987): Ticks and tick-borne diseases in Zimbabwe. In: Ticks and Tick-borne
Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings No. 17, Canberra, pp. 29.
[39] Sutherst, R.W. (1987a): Modelling tick populations 4. Parasitic phase. In:

Ticks and

Tick-borne Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings No. 17, Canberra,

pp.

54-57.
[40] Sutherst, R.W. (1987b): Modelling tick management 1. Introduction. In: Ticks and Tickborne Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings No. 17, Canberra, pp. 133-135.
[41] Walker, J.B. (1974): The Ixodid ticks of Kenya. Commonwealth Institute of Entomology,
London.
[42] Newson, R.M. and Punyua, D.K. (1976): The life cycle of Rhipicephalus appediculatus and
associated species in an ecologically marginal situation in Central Kenya. In: Tick-borne
diseases and vectors (Ed.: J.K.H. Wilde). University of Edinburgh, Edinburgh.
[43] Niyonzema, A. and Kiltz, H.H. (1987): Control of ticks and tick-borne diseases in Burundi.
In:

Ticks and Tick-borne Diseases (Ed.: R.W. Sutherst).

ACIAR Proceedings No.

17,

Canberra, pp. 16-17.
[44] Wikel, S.K. (1982): Immune responses to arthropods and their products. Annual Review
of Entomology 27, 21-48.
[45] Norval, R.A.I., Perry, B.D. and Young, A.S. (1992): The Epidemiology of Theileriosis in
Africa. Academic Press, London.
[46] Taylor, M.A. (2001): Recent developments in ectoparasiticides. Veterinary Journal 161,
253-268.
[47] Brossard, M. (1998): The use of vaccines and genetically resistant animals in tick control.
Rev. sci. tech. Off. int. Epiz.

17(1), 188-199.

[48] George, J.E. (2000): Present and future technologies for tick control. Annals of the New
York Academy of Sciences 916, 583-588.

387

[49] Pruett, J.H. (1999): Immunological control of arthropod ectoparasites - a review. Interna
tional Journal of Parasitology 29, 25-32.
[50] Pegram, R.G. (2001): Getting a handle on tick control: a modern approach may be needed.
Veterinary Journal 161, 227-228.
[51] Willasden, P., Bird, P., Cob on, G.S. and Hunger ford, J. (1995): Commercialization of a
recombinant vaccine against Boophilus microplus. Parasitology 1 1 0 (Suppl.), S43-S50.
[52] Solomon, G. and Kaaya, G.P. (1996): Comparison of resistance in three breeds of cattle
against African ixodid ticks. Experimental & Applied Acarology 2 0 , 223-230.
[53] Pegram, R.G., Wilson, D.D. and Hansen, J.W. (2000): Past and present national tick
control programs. Why they succeed or fail. Annals of the New York Academy of Sciences
916, 546-554.
[54] Norton, G.A., Sutherst, R.W. and Maywald, G.F. (1983): A framework for integrated
control methods against the cattle tick, Boophilus microplus in Australia. Journal of Applied
Ecology 2 0 , 489-505.
[55] Norval, R.A.I., Sutherst, R.W., Kurki, J., Gibson, J.D. and Kerr, J.D. (1988): The effects
of the brown ear-tick Rhipicephalus appendiculatus on the growth of Sanga and European
breed cattle. Veterinary Parasitology, 30, 149-164.
[56] Latif, A.A., Punyua, D.K., Nokoe, S. and Capstick, P.B. (1991): Tick infestations on Zebu
cattle in Western Kenya: Individual host variation. Journal of Medical Entomology 28,
114-121.
[57] Latif, A.A., Nokoe, S., Punyua, D.K. and Capstick, P.B. (1991): Tick infestations on Zebu
cattle in Western Kenya: Quantitative assessment of host resistance. Journal of Medical
Entomology 28, 122-126.
[58] Dallwitz, M.J., Young, A.S., Mahoney, D.F. and Sutherst, R.W. (1987): Comparative epi
demiology of tick-borne diseases of cattle with emphasis on modelling. International Journal
of Parasitology 17(2), 629-637.
[59] Wikel, S.K., Ramachandra, R.N. and Bergman, D.K. (1994): Tick-induced modulation of
the host immune response. International Journal of Parasitology 24, 59-66.
[60] Wikel, S.K. (1996): Host immunity to ticks. Annual Review of Entomology 41, 1-22.
[61] Wikel, S.K. (1996): Immunologic control of ticks. In: Biology of Disease Vectors: A Mole
cular, Physiological and Quantitative Approach (Eds.: W.C. Marquardt and B.J. Beaty).
University Press of Colorado, Boulder, pp. 575-594.

388

[62] Mulenga, A., Tsuda, A., Sugitomo, C. and Onuma, M. (2002): Bloodmeal acquisition by
ticks: molecular advances and implications for vaccine development.

Japan Journal of

Veterinary Research 49(4), 261-272.
[63] Brossard, M. and Wikel, S.K. (1997): Immunology of interactions between ticks and hosts.
Medical and Veterinary Entomology 11, 270-276.
[64] Britton, N.F. (1986): Reaction-Diffusion Equations and Their Applications in Biology. Aca
demic Press, London.
[65] Kevorkian, J. (1996): Partial Differential Equations: Analytical Solution Techniques. Chap
man & Hall, London.
[66] Murray, J.D. (1977): Nonlinear Differential Equation Models in Biology. Claredon Press,
Oxford.
[67] Murray, J.D. (1993): Mathematical Biology. Springer-Verlag, Berlin.
[68] Youdeowei, A. and Service, M.W. (1983): Pest and vector management in the tropics: with
particular reference to insects, ticks, m ites and snails. Longman, London.
[69] Pollock, J.N. (Ed.)

(1979):

Training Manual for Tsetse Control Personell.

Volume 1:

Tsetse biology, systematics and distribution; techniques. Animal Production and Health
Division, FAG-UN, Rome.
[70] Amoo, A.O.J., Dipeolu, O.O., Capstick, P.B., Munyinyi, D.M., Gichuru, L.N. and Odhiambo, T.R. (1993): Ixodid Ticks (Acari: Ixodidae) and Livestock Production: Effect of
Varying Acaricide Treatments on Ticks and Productivity in East Coast Fever - Immunized
Weaner and Dairy Cattle. Journal of Medical Entomology 30(3), 503-512.
[71] Ford, J. (1971): The Role of the Trypanosomiasis in African Ecology: A Study of the Tsetse
Fly Problem. Claredon Press, Oxford.
[72] Nash, T.A.M . (1969): A frica’s Bane: The Tsetse Fly. Collins, London.
[73] Aksoy, S. (2001): Tsetse vector based strategies for control of African trypanosomiasis. In:
The African Trypanosomes - World Class Parasites: Volume 1 (Eds.: S.J. Black and J.R.
Seed). Kluwer Academic Publishers, Boston, pp. 38-45.
[74] Rogers, D.J. (2000): Satellites, Space, Time and the African Trypanosomiases. In: Re
mote Sensing and Ceographical Information Systems in Epidemiology (Eds.: S.I. Hay, S.E.
Randolph and D.J. Rogers). Academic Press, London pp. 130-165.
[75] Zambrano-Villa, S., Rosales-Borjas, D. and Carrero, J.C. (2002): How protozoan parasites
evade the immune response. Trends in Parasitology 18(6), 272-278.

389

[76] Banks, K.L. (1978): Binding of Trypanosoma congolense to the walls of small blood vessels.
Journal of Protozoology 25, 241-245.
[77] Black, S.J., Murphy, N.B. and Nolan, D.P. (2001): Towards a trypanosomiasis vaccine. In:
The African Trypanosomes - World Class Parasites: Volume l(Eds.: S.J. Black and J.R.
Seed). Kluwer Academic Publishers, Boston, pp. 158-174.
[78] Jordan, A.M. (1986): Trypanosomiasis control and African rural developm ent Longman,
London.
[79] Pollock, J.N. (Ed.)

(1979):

Training Manual for Tsetse Control Personell.

Volume II:

Ecology and behaviour of tsetse. Animal Production and Health Division, FAO-UN, Rome.
[80] Torr, S.J. (1994): The tsetse (Diptera: Glossinidae) story: implications for mosquitoes.
Journal of the American Mosquito Control Association 1 0 (2), 258-265.
[81] Williams, B., Dransfield, R. and Brightwell, R. (1992): The control of tsetse flies in relation
to fly movement and trapping efficiency. Journal of Applied Ecology 29, 163-179.
[82] Warnes, M.L. (1992): Activation of three species of tsetse {Glossina spp.) in response to
host derived stimuli. Medical and Veterinary Entomology 6 , 349-354.
[83] Brady, J. (1972): The visual responsiveness of the tsetse fly Glossina m orsitans Westw.
(Glossinidae) to moving objects: the effects of hunger, sex, host odour and stimulus char
acteristics. Bulletin of Entomological Research 62, 257-279.
[84] Brightwell, R., Dransfield, R.D. and Williams, B.G. (1992): Factors affecting seasonal dis
persal of the tsetse flies Glossina pallidipes and G. longipennis (Diptera: Glossinidae) at
Nguruman, south-west Kenya. Bulletin of Entomological Research 82, 167-182.
[85] Bur sell, E. (1970): Dispersal and concentration of Glossina. In: The African Trypanosomi
asis (Eds.: H.W. Mulligan and W.H.P. William). George Allen and Unwin Ltd., London.
[86] Challier, A. (1982): The ecology of tsetse (G/ossma spp.) (Diptera: Glossinidae): A review
(1970-1981). Insect Science and its Application 3 (1 /3 ), 97-143.
[87] Rogers, D.J. (1990): A general model for tsetse populations. Insect Science and its Appli
cation 3, 331-346.
[88] Rawlings, P., Wacher, T.J. and Snow, W.F. (1994): Cattle-tsetse contact in relation to the
daily activity patterns of Glossina morsitans submorsitans in The Gambia. Medical and
Veterinary Entomology 8 , 57-62.
[89] Loke, H. and Randolph, S.E. (1995): Reciprocal regulation of fat content and flight activity
in male tsetse flies {Glossina palpalis). Physiological Entomology 2 0 , 243-247.

390

[90] Adlington, D., Randolph, S.E. and Rogers, D.J. (1996): Flying to feed or flying to mate:
gender differences in the flight activity of tsetse {Glossina palpalis). Physiological Entomol
ogy 21, 85-92.
[91] Rogers, D.J. and Randolph, S.E. (1978): Metabolic strategies of male and female tsetse
(Diptera: Glossinidae) in the field. Bulletin of Entomological Research 68, 639-654.
[92] Vale, G.A. (1974): The responses of tsetse files (Diptera: Glossinidae) to mobile and sta
tionary baits. Bulletin of Entomological Research 64, 545-588.
[93] Randolph, S.E. and Rogers, D.J. (1978): Feeding cycles and flight activity in field popula
tions of tsetse (Diptera: Glossinidae). Bulletin of Entomological Research 68, 655-671.
[94] Bursell, E., Billing, K.C., Hargrove, J.W., McCabe, C.T. and Slack, E. (1974): Metabolism
of the bloodmeal in tsetse flies (a review). Acta Tropica 31, 297-320.
[95] Glasgow, J.P. (1963): The Distribution and Abundance of Tsetse. Pergamon Press, Oxford.
[96] Williams, B., Brightwell, R. and Dransfield, R. (1990): Monitoring tsetse fly populations.
II. The effect of climate on trap catches of G.pallidipes. Medical and Veterinary Entomology
4, 181-193.
[97] Randolph, S.E. (2000): Ticks and Tick-borne Disease Systems in Space and from Space.
In: Remote Sensing and Geographical Information System s in Epidemiology (Eds.: S.I. Hay,
5.E. Randolph and D.J. Rogers). Academic Press, London, pp. 217-240.
[98] Randolph, S.E., Williams, B.C., Rogers, D.J. and Connor, H. (1992): Modelling the effect
of feeding-related mortality on the feeding strategy of tsetse (Diptera: Glossinidae). Medical
and Veterinary Entomology 6, 231-240.
[99] Vale, G.A., Flint, S. and Hall, D R. (1986): The field responses of tsetse flies Glossina spp.
(Diptera: Glossinidae), to odours of host residues. Bulletin of Entomological Research 76,
685-693.
[100] Gibson, G. and Torr, S.J. (1999): Visual and olfactory responses of hematophagous Diptera
to host stimuli. Medical and Veterinary Entomology 13, 2-23.
[101] Brady, J., Gibson, G. and Packer, M.J. (1989): Odour movement, wind direction, and
problem of host finding by tsetse flies. Physiological Entomology 14, 369-380.
[102] Brady, J., Packer, M.J. and Gibson, G. (1990): Odour plume shape and host finding by
tsetse. Insect Science and its Application 3, 377-384.
[103] Gibson, G. (1992): Do tsetse flies ‘see’ zebras? A field study of the visual response of tsetse
to striped targets. Physiological Entomology 17, 141-147.

391

[104] Torr, S.J. (1989): The host-oriented behaviour of tsetse flies (Glossinidae): the interaction
of visual and olfactory stimuli. Physiological Entomology 14, 325-340.
[105] Torr, S.J. (1994): Responses of tsetse flies (Diptera: Glossinidae) to warthog [Phacochoerus
aeihzopzcus Pallas). Bulletin of Entomological Research 84, 411-419.
[106] Hargrove, J.W. (1976): The effect of human presence on the behaviour of tsetse {Glossina
spp.) (Diptera: Glossinidae) near a stationary ox. Bulletin of Entomological Research 66,
173-178.
[107] Hargrove, J.W. (1991): Ovarian ages of tsetse flies (Diptera: Glossinidae) caught from mo
bile and stationary baits in the presence and absence of humans. Bulletin of Entomological
Research 81, 43-50.
[108] Paynter, Q. and Brady, J. (1992): Flight behaviour of tsetse flies in thick bush {Glossina
pallidipes {Diptera: Glossinidae)). Bulletin of Entomological Research 82, 513-516.
[109] Torr, S.J., Hall, D.R., Phelps, R.J. and Vale, G.A. (1997): Methods for dispensing odour
attractants for tsetse flies (Diptera: Glossinidae). Bulletin of Entomological Research 87,
299-311.
[110] Bursell, E. (1984): Effects of host odour on the behaviour of tsetse. Insect Science and its
Application 5(5), 343-349.
[111] Den Otter, C.J., Tchilaya, T. and Van de Berg, M.J. (1988): Olfactory sensitivity of five
species of tsetse {Glossina spp.) to l-Octen-3-ol, 4-Heptanone, 3-Nonanone and Acetone.
Insect Science and its Application 9(2), 213-218.
[112] Gifford, Jr., F., (1959): Statistical properties of a fluctuating plume dispersion model. In:
Atmospheric diffusion and air pollution (Eds.: F.N. Frenkiel and P.A. Sheppard). Academic
Press, New York, pp. 117-137.
[113] Mihok, S. (2002): Biting Flies - The Nzi Trap. A simple, environment-friendly cloth trap
that does not use insecticide. In: http://inform atics.icipe.org/nzi/in dex.h tm . International
Centre of Insect Physiology & Ecology (ICIPE), Nairobi, Kenya.
[114] Mihok, S. (2002): The development of a multipurpose trap (the Nzi) for tsetse and other
biting flies. Bulletin of Entomological Research 92, 385-403.
[115] Owaga, M.L.A. (1984): Preliminary observation on the efficacy of olfactory attractants
derived from wild hosts of tsetse. Insect Science and its Application 5, 87-90.
[116] Owaga, M.L. (1985): Observations on the efficacy of buffalo urine as a potent olfactory
attractant for Glossina pallidipes Austen. Insect Science and its Application 6(5),
566.

561-

392

[117] Owaga, M.L., Hassanali, A. and McDowell, P.O. (1988): The role of 4-cresol and 3-nPropylphenol in the attraction of tsetse flies to buffalo urine. Insect Science and its Appli
cation 9(1), 95-100.
[118] Torr, S.J. (1988): Behaviour of tsetse flies {Glossina) in host odour plumes in the field.
Physiological Entomology 13, 467-478.
[119] Gibson, G. and Brady, J. (1988): Flight behaviour of tsetse flies in host odour plumes: the
initial response to leaving or entering odour. Physiological Entomology 13, 29-42.
[120] Griffiths, N., Paynther, Q. and Brady, J. (1995): Rates of progress up odour plumes by
tsetse flies: a mark-release video study of the timing of odour source location by Glossina
pallidipes. Physiological Entomology 20, 100-108.
[121] Warnes, M.L. (1990): Responses of Glossina m orsitans m orsitans Westwood aand G. pal
lidipes Austen (Diptera: Glossinidae) to the skin secretions of oxen. Bulletin of Entomolog
ical Research 80, 91-97.
[122] Packer, M.J. and Warnes, M.L. (1991): Responses of tsetse to ox sebum: a video study in
the field. Medical and Veterinary Entomology 5, 23-27.
[123] Hargrove, J.W. and Vale, G.A. (1978): The effect of host odour concentration on catches of
tsetse flies (Glossinidae) and other Diptera in the field. Bulletin of Entomological Research
68, 607-612.
[124] Snow, W .F. (1983): Effect of size of cattle bait on the range of attraction of tsetse and
mosquitoes. Insect Science and its Application 4(4), 343-344.
[125] Turner, D A. (1987): The population ecology of Glossina pallidipes Austen (Diptera: Glossinidae)
in the Lambwe Valley, Kenya. I. Feeding behaviour and activity pattern. Bulletin of Ento
mological Research 77, 317-333.
[126] Randolph, S.E., Dransfield, R.D. and Rogers, D.J. (1989): Effect of host odours on trap
catch composition of Glossina pallidipes in Kenya. Medical and Veterinary Entomology 3,
297-306.
[127] Baylis, M. (1996): Effect of defensive behaviour by cattle on the feeding success and nutri
tional state of the tsetse fly, Glossina pallidipes (Diptera: Glossinidae). Bulletin of Ento
mological Research 86, 329-336.
[128] 214-Baylis, M. and Nambiro, C.O. (1993): The effect of cattle infection by Trypanosoma
congolense on the attraction, and feeding success, of the tsetse fly Glossina pallidipes. Par
asitology 106, 357-361.

393

[129] Baylis, M. and Mbwabi, A.L. (1995): Feeding behaviour of tsetse flies Glossina pallidipes
Austen on Trypanosoma-iniected oxen in Kenya. Parasitology 110, 297-305.
[130] Moloo, S.K., Sabwa, C.L. and Baylis, M. (2000): Feeding behaviour of Glossina pallidipes
and G. m orsitans centralis on Boran cattle infected with Trypanosoma congolense or T.
vivax under laboratory conditions. Medical and Veterinary Entomology 14, 290-299.
[131] Baylis, M. and Mbwabi, A.L. (1995): Effect of host packed cell volume on the bloodmeal size
of male tsetse flies, Glossina pallidipes. Medical and Veterinary Entomology 9, 399-402.
[132] Hendrickx, G., de La Rocque, S., Reid, R. and Wint, W. (2001): Spatial trypanosomiasis
management: from data-layers to decision making. Trends in Parasitology 17(1), 35-41.
[133] Milligan, P.J.M. and Baker, R.D. (1988): A model of tsetse-transmitted animal trypanoso
miasis. Parasitology 96, 211-239.
[134] Rogers, D.J. (1988): A general model for the African trypanosomiasis. Parasitology 97,
193-212.
[135] Baylis, M. and Nambiro, C.O. (1993): The nutritional state of male tsetse flies, Glossina
pallidipes, at the time of feeding. Medical and Veterinary Entomology 7, 316-322.
[136] Torr, S.J. and Mangwiro, T.N.C. (2000): Interactions between cattle and biting flies: effects
on the feeding rate of tsetse. Medical and Veterinary Entomology 14, 400-409.
[137] Torr, S.J., Wilson, P.J., Schofield, S., Mangwiro, T.N.C., Akber, S. and White, B.N. (2001):
Application of DNA markers to identify the individual-specific hosts of tsetse feeding on
cattle. Medical and Veterinary Entomology 15, 78-86.
[138] Torr, S.J. and Hargrove, J.W. (1998): Factors affecting the landing and feeding responses
of the tsetse fly Glossina pallidipes to a stationary ox. Medical and Veterinary Entomology
12, 196-207.
[139] Dye, C. (1992): The analysis of parasite transmission by bloodsucking insects.

Annual

Review of Entomology 37, 1-19.
[140] Rogers, D.J. (1988): The dynamics of vector-transmitted diseases in human communities.
Philosophical Transactions of the Royal Society of London B 321, 513-539.
[141] Smith, I.M. and Rennison, B.D. (1958):

Some factors concerned in trypanosome challenge.

In: Proceedings of the 7th Meeting of International Scientific Gommittee on Trypanosomiasis
Research, Brussels, pp. 63-66.
[142] Snow, W .F. and Tarimo, S. A. (1983): A

quantification of the risk of trypanosomiasis infec

tion to cattle on the south Kenya coast. Acta Tropica 40, 331-340.

394

[143] Snow, W .F., Tarimo, S.A., Staak, C. and Butler, L. (1988): The feeding habits of the tsetse,
Glossina pallidipes Austen on the south Kenyan coast, in the context of its host range and
trypanosome infection rates in other parts of East Africa. Acta Tropica 45, 339-349.
[144] Vale, G.A. (1977): Feeding responses of tsetse flies (Diptera: Glossinidae) to stationary
hosts. Bulletin of Entomological Research 67, 635-649.
[145] Hargrove, J.W. (1994): Reproductive rates of tsetse flies in the fleld in Zimbabwe. Physio
logical Entomology 19, 307-318.
[146] Dransfleld, R.D., Brightwell, R., Kyorku, C. and Williams, B. (1990): Control of tsetse fly
(Diptera: Glossinidae) populations using traps at Nguruman, south-west Kenya. Bulletin
of Entomological Research 80, 265-276.
[147] Hargrove, J.W. (1988): Tsetse: the limits to population growth. Medical and Veterinary
Entomology 2, 203-217.
[148] Williams, B., Dransfleld, R. and Brightwell, R. (1990): Tsetse fly (Diptera: Glossinidae)
population dynamics and the estimation of mortality rates from life-table data. Bulletin of
Entomological Research 80, 479-485.
[149] Mulligan, H.W. (1970): The Glossina Community. In: The African Trypanosomiasis (Eds.:
H.W. Mulligan and W.H.P. William). George Allen and Unwin Ltd., London.
[150] Rogers, D.J. and Randolph, S.E. (1984): A review of the density-dependent process in tsetse
populations. Insect Science and its Application 5 397-402.
[151] Rogers, D.J., Randolph, S.E. and Kuzoe, F.A.S. (1984): Local variation in the popula
tion dynamics of Glossina palpalis palpalis (Robineau-Desvoidy) (Diptera: Glossinidae). I.
Natural population regulation. Bulletin of Entomological Research 74, 403-423.
[152] Hargrove, J.W. (2001): Mark-recapture and Moran curve estimates of the survival prob
abilities of an island population of tsetse flies Glossina m orsitans m orsitans (Diptera:
Glossinidae). Bulletin of Entomological Research 91, 25-35.
[153] Rogers, D.J. and Randolph, S.E. (1990): Estimation of rates of predation on tsetse. Medical
and Veterinary Entomology 4, 195-204.
[154] Artzrouni, M. and Gouteux, J.P. (2000): A Model for the Spread of Sleeping Sickness. In:
Applied Mathematical Modeling: A M ultidisciplinary Approach (Eds.: D R. Shier and K.T.
Williams). Chapman & Hall, pp. 71-92.
[155] WHO (1987): Report of a WHO Expert Committee on Epidemiology and Control of African
Trypanosomiasis Technical Report Series 739. World Health Organization, Geneva.

395

[156] Kuzoe, F.A.S. (1991): Perspectives in research on and control of African trypanosomiasis.
Annals of Tropical Medicine and Parasitology 85(1), 33-41.
[157] Schofield, C.J. and Maudlin, I. (2001): Trypanosomiasis control. International Journal for
Parasitology 31, 615-620.
[158] Vale, G.A. (1993): Development of bait for tsetse flies (Diptera: Glossinidae) in Zimbabwe.
Journal of Medical Entomology 30, 831-842.
[159] Hargrove, J.W ., Omolo, S., Msalilwa, J.S.I. and Fox, B. (2000): Insecticide treated cattle
for tsetse control: the power and the problems. Medical and Veterinary Entomology 14,
123-130.
[160] Aksoy, S., Maudlin, I., Dale, C., Robinson, A.S. and O’Neill, S.L. (2001): Prospects for
control of African trypanosomiasis by tsetse vector manipulation.

Trends in Parasitology

17(1), 29-35.
[161] Grant, I F. (2001): Insecticides for tsetse and trypanosomiasis control: is the environmental
risk acceptable. Trends in Parasitology 17(1), 10-14.
[162] Trail, J.C.M., Colardelle, C., d’leteren, G.D.M., Dumont, P., Itty, P., Jeanin, P., Maehl,
J.H.H., Nagda, S.M., Ordner, G., Paling, R.W., Rarieya, J.M., Thorpe, W. and Yangari, G.
(1988): Evaluation of criteria of trypanotolerance. Livestock Production in tsetse affected
areas of Africa. International Livestock Centre for Africa and the International Laboratory
for Research on Animal Diseases, Nairobi, Kenya pp. 425-429.
[163] Trail, J.C.M., d’leteren, G.D.M. and Murray, M. (1991): Practical aspects of developing
genetic resistance to trypanosomosis. In: Breeding fo r disease resistance in farm animals
(Eds.: J.B. Owen and R.F.E. Axford). GAB International pp. 224-234.
[164] Moloo, S.K., Olubayo, R.O., Kabata, J.M. and Okumu, 1.0. (1992): A comparison of African
buffalo, N ’dama and Boran cattle as reservoirs of Trypanosoma congolense for different
Glossina species. Medical and Veterinary Entomology 6, 225-230.
[165] Naessens, J., Grab, D.J. and Sileghem, M. (2001): Indentifying the mechanism of trypan
otolerance in cattle. In: The African Trypanosomes - World Class Parasites: Volume 1
(Eds.: S.J. Black and J.R. Seed). Kluwer Academic Publishers, Boston, pp. 96-111.
[166] Bauer, B., Slingenbergh, J. and Hendrickx, G. (1999): A trial to control tsetse at Galana
Ranch: examining the issues. Parasitology Today 15(2), 82.
[167] Maudlin, L, Green, G.H. and Barlow, F. (1981): The potential for insecticide resistance
in Glossina (Diptera: Glossinidae) - an investigation by computer simulation. Bulletin of
Entomological Research 71, 691-702.

396

[168] Lindquist, D .A. (2000): Pest management strategies: area-wide and conventional. In: Areawide control of Fruit Flies and Other Insect Pests (Ed.: T. Keng-Hong). Penerbit Universiti
Sains Malaysia, Pulau Pinang pp. 13-19.
[169] Kabayo, J.P. and Feldmann, U. (2000): Potential for area-wide control or eradication of
tsetse flies in Africa. In: Area-wide control of Fruit Flies and Other Insect P ests (Ed.: T.
Keng-Hong). Penerbit Universiti Sains Malaysia, Pulau Pinang pp. 75-78.
[170] Salema, M.P. (2000): Opening address. In: T. Keng-Hong (Ed.) Area-wide control of Fruit
Flies and Other Insect Pests. Penerbit Universiti Sains Malaysia, Pulau Pinang pp. 3-7.
[171] Molyneux, D.H. (2001): Sterile insect release and trypanosomiasis control: a plea for realism.
Trends in Parasitology 17(9), 413-414.
[172] Hursey, B.S. (2001): Sterile insect release and trypanosomiasis control: a plea for realism.
Trends in Parasitology 17(9), 414.
[173] PAAT Newsletter (2000): Chairmans’s report Number 7, October.
[174] World Health Organization (1998): Control and surveillance of African trypanosomiasis.
R,eport of a WHO Expert Committee. Technical Report Series 881. World Health Orga
nization, Geneva.
[175] Rogers, D.J. and Randolph, S.E. (2002): A response to the aim of eradicating tsetse from
Africa. Trends in Parasitology 18(12), 534-536.
[176] Makumi, J.N., Green, C. and Baylis, M. (1998): Activity patterns in Glossina longipennis:
a field study using different sampling methods. Medical and Veterinary Entomology 12,
399-406.
[177] Brightwell, R., Dransfleld, R.D. Stevenson, P. and Williams, B. (1997): Changes over twelve
years in populations of Glossina pallidipes and Glossina longipennis (Diptera: Glossinidae)
subject to varying trapping pressure at Nguruman, south-west Kenya. Bulletin of Entom o
logical Research 87, 349-370.
[178] Flint, S. (1985): A comparison of various traps for Glossina spp. (Glossinidae) and other
Diptera. Bulletin of Entomological Research 75, 529-534.
[179] Wall, R. and Langley, P. (1991): From behaviour to control: the development of trap and
target techniques for tsetse fly population management. Agricultural Zoology Reviews 4,
137-159.
[180] Brightwell, R., Dransfleld, R.D., Kyorku, C., Golder, T.K., Tarimo, S.A. and Mungai, D.
(1987): A new trap for Glossina pallidipes. Tropical P est M anagement 33, 151-159.

397

[181] Torr, S.J., Parker, A .G. and Leigh-Browne, G. (1989): The responses of Glossina pallidipes
Austen (Diptera: Glossinidae) to odour-baited traps and targets in Somalia. Bulletin of
Entomological Research 79, 99-108.
[182] Dransfield, R.D. (1984): The range of attraction of the biconical trap for Glossina pallidipes
and Glossina brevipalpis. Insect Science and its Application 5(5), 363-368.
[183] Baylis, M. and Nambiro, C.O. (1993): The responses of Glossina pallidipes (Diptera: Glossinidae)
to odour-baited traps and targets at Galana Ranch, south-eastern Kenya. Bulletin of En
tomological Research 83, 145-151.
[184] Green, G.H. (1986): Effects of colours and synthetic odours on the attraction of Glossina
pallidipes and G. morsitans morsitans to traps and screens. Physiological Entomology 11,
411-421.
[185] Green, G.H. (1988): The effect colour in trap- and screen-oriented responses in Glossina
palpalis palpalis (Robineau-Desvoidy) (Diptera: Glossinidae).

Bulletin of Entomological

Research 78, 591-604.
[186] Green, G.H. (1993): The effects of odours and target colour on landing responses of Glossina
m orsitans morsitans and G. pallidipes (Diptera: Glossinidae). Bulletin of Entomological
Research 83, 553-562.
[187] Dransfield, R.D. and Brightwell, R. (2001): Trap efficiency for Glossina pallidipes (Diptera:
Glossinidiae) at Nguruman, south-west Kenya.

Bulletin of Entomological Research

91,

429-444.
[188] Taken, W., Oladunmade, M.A., Dengwat, L., Feldman, H.U., Onah, J.A., Tenabe, S.O. and
Hamann, H.J. (1986): The eradication of Glossina palpalis palpalis (Robineau-Desvoidy)
(Diptera: Glossinidae) using traps, insecticide-impregnated targets and the sterile insect
technique in central Nigeria. Bulletin of Entomological Research 76, 275-286.
[189] Kyorku, C., Brightwell, R. and Dransfield, R.D. (1990): Traps and odour baits for tsetse
fly, Glossina longipennis (Diptera: Glossinidae). Bulletin of Entomological Research 80,
405-415.
[190] Takken, W. (1984): Studies on the biconical trap as a sampling device for tsetse (Diptera:
Glossinidae) in Mozambique. Insect Science and its Application 5(5), 357-361.
[191] Hargrove, J.W. (1980): Improved estimates of the efficiency of traps for Glossina morsi
tans m orsitans Westwood and G. pallidipes Austen (Diptera: Glossinidiae), with a note
on the effect of the concentration of accompanying host odour on eflSciency. Bulletin of
Entomological Research 70, 579-587.

398

[192] Vale, G.A. (1983): The effects of odours, wind direction and wind speed on the distribution
of Glossina (Diptera: Glossinidae) and other insects near stationary targets. Bulletin of
Entomological Research 73, 53-64.
[193] Vale, G.A. (1984): The response of Glossina and other Diptera to odour plumes in the field.
Bulletin of Entomological Research 74, 143-152.
[194] Vale, G.A., Hall, D.R. and Gough, A.J.E. (1988): The olfactory responses of tsetse flies,
Glossina spp. (Diptera: Glossinidae), to phenols and urine in the field. Bulletin of Ento
mological Research 78, 293-300.
[195] Vale, G.A., Lovemore, D.F., Flint, S. and Cockbill, G.F. (1988): Odour-baited targets
to control tsetse flies, Glossina spp.

(Diptera: Glossinidae), in Zimbabwe.

Bulletin of

Entomological Research 78, 403-410.
[196] Torr, S.J. (1988): The flight and landings of tsetse {Glossina) in response to components of
host odour in the field. Physiological Entomology 13, 453-465.
[197] Hassanali, A., McDowell, P.G., Owaga, M.L.A. and Saini, R.K. (1986): Identification of
tsetse attractants from excretory products of a wild host animal, Syncerus caffer. Insect
Science and its Application 5, 5-9.
[198] Bursell, E. (1987): The effects of wind borne odours on the direction of flight in tsetse flies,
Glossina spp. Physiological Entomology 12, 149-156.
[199] Vale, G.A. and Hall, D.R. (1985): The role of l-octen-3-ol, acetone and carbon dioxide in
the attraction of tsetse flies, Glossina spp. (Diptera: Glossinidae), to ox odour. Bulletin of
Entomological Research 75, 209-217.
[200] Saini, R.K., Hassanali, A. and Dransfield, R.D. (1989): Antennal responses of tsetse to
analogous of the attractant l-octen-3-ol. Physiological Entomology 14, 85-90.
[201] Randolph, S.E., Rogers, D.J., Dransfield, R.D. and Brightwell, R. (1991): Trap-catches, nu
tritional condition and the timing of activity of the tsetse fly Glossina longipennis (Diptera:
Glossinidae). Bulletin of Entomological Research 81, 455-464.
[202] Hall, D.R., Beevor, P.S., Cork, A., Nesbitt, B.F. and Vale, G.A. (1984): l-Octen-3-ol: A
potent olfactory stimulant for tsetse isolated from cattle odours.

Insect Science and its

Application 5(5), 335-399.
[203] Weast, R.G. (Ed.) (1975): Handbook of chemistry and physics: a ready reference book of
chemical and physical data 56^^ edition. CRC Press, Cleveland, Ohio.

399

[204] Williams, B., Dransfield, R. and Brightwell, R. (1990): Monitoring tsetse fly populations. I.
The intrinsic variability of trap catches of Glossina pallidipes at Nguruman, Kenya. Medical
and Veterinary Entomology 4, 167-179.
[205] Pasquill, F. (1974): Atmospheric Diffusion: The Dispersion of Wind borne Material from
Industrial and Other Sources. 2nd Edition. Ellis Horwood Limited, Chichester.
[206] Williams, B. (1994): Models of trap seeking by tsetse flies: anemotaxis, klinokinesis and
edge detection. Journal of Theoretical Biology 168, 105-115.
[207] Bossert, W.H. and Wilson, E.G. (1963): The Analysis of Olfactory Communication Among
Animals. Journal of Theoretical Biology 5, 443-469.
[208] Okubo, A. (1980): Diffusion and Ecological Problems: M athematical Models.

Springer-

Verlag, Heidelberg.
[209] Vale, G.A. and Hargrove, J.W. (1979): A method of studying the efficiency of traps for
tsetse flies (Diptera: Glossinidiae) and other insects. Bulletin of Entomological Research
69, 183-193
[210] Packer, M.J. and Brady, J. (1990): Efficiency of electric nets as sampling devices for tsetse
flies (Diptera: Glossinidae). Bulletin of Entomological Research 80, 43-47.
[211] Hargrove, J.W. (1977): Some advances in the trapping of tsetse {Glossina spp.) and other
flies. Ecological Entomology 2, 123-128.
[212] Oksanen, L., Fretwell, S.D., Arruda, J. and Niemela, P. (1981): Exploitation ecosystems in
gradients of primary productivity. The American Naturalist 118, 240-261.
[213] DeAngelis, D.L. (1992): Dynamics of Nutrient Gycling and Food Webs. Chapman & Hall,
London.
[214] Rosenzweig, M.L. (1973): Exploitation in three trophic levels.

The American Naturalist

107, 275-294.
[215] Vale, G.A. (1977): The flight of tsetse flies (Diptera: Glossinidae) to mobile and stationary
baits. Bulletin of Entomological Research 67, 297-304.
[216] Crank, J. (1975): The Mathematics of Diffusion. 2nd Edition. Clarendon Press, Oxford.
[217] Crank, J., McFarlane, N.R., Newby, J.C., Paterson, G.D. and Pedley, J.B. (1981): Diffusion
processes in environmental systems. The Macmillan Press Lit., Hong Kong.
[218] ltd, S. (1979): Diffusion Equations. Translation of Mathematical Monograph, Vol. 114,
American Mathematical Society, Providence, RI.

400

[219] Randolph, S. (1993): Climate, satellite imagery and seasonal abundance of the tick Rhipicephalus appendiculatus in southern Africa: a new perspective.

Medical and Veterinary

Entomology 7, 243-258.
[220] Rogers, D.J. and Randolph, S.E. (1993): Distribution of Tsetse and Ticks in Africa: Past,
Present and Future. Parasitology Today 9(7), 266-271.
[221] Schultz, P.A. and Halpert, M.S. (1993): Global correlation of temperature, NDVI and
precipitation. Advances in Space Research 13(5), 277-280.
[222] Habtemariam, T., Ruppanier, R., Riemann, H P. and Theis, J.H. (1983): An epidemiologic
systems analysis model for African trypanosomiasis. Preventive Veterinary Medicine

1,

125-136.
[223] Habtemariam, T., Ruppanier, R., Riemann, H P. and Theis, J.H. (1983): Epidemic and
endemic characteristics of trypanosomiasis in cattle: a simulation model. Preventive Vet
erinary Medicine 1, 137-145.
[224] Rogers, D.J. and Williams, B.C. (1993): Monitoring trypanosomiasis in space and time.
Parasitology 106, S77-S92.
[225] Anderson, R.M. and May, R.M. (1999): Infectious Diseases of Humans: Dynamics and
Control. Oxford University Press, Oxford.
[226] Dransheld, R.D., Brightwell, R., Chaudhury, M.F., Colder, T.K. and Tarimo, S.A.R. (1986):
The use of odour attractants for sampling Glossina pallidipes Austen (Diptera: Glossinidae)
at Nguruman, Kenya. Bulletin of Entomological Research 76, 607-619.
[227] Elkinton, J.S. and Cardé, R.T. (1984): Odor Dispersion. In: Chemical Ecology of Insects
(Eds.: W.J. Bell and R.T. Cardé). Chapman and Hall Ltd., London, pp. 73-91.
[228] Wilson, E.O., Bossert, W.H. and Regnier, F.E. (1963): A general method for estimating
threshold concentrations of odorant molecules. Journal of Insect Physiology 15, 597-610.
[229] Fitter, R.L. and Baum, E.J. (1975): Chemicals in the air: The atmospheric system and
dispersal of chemicals. In: Environmental Dynamics of Pesticides (Eds.: R. Haque and
V.H. Freed). Plenum Press, New York, pp. 5-15.
[230] Banks, R.B. (1994):

Growth and Diffusion Phenomena: Mathematical Frameworks and

Applications. Springer-Verlag, Berlin.
[231] Drazin, P.G. (1992): Nonlinear Systems. Cambridge University Press, Cambridge.
[232] Bassanini, P. and Elcrat, A.R. (1997): Theory and Applications of Partial Differential Equa
tions. Plenum Press, New York.

401

[233] Debnath, L. (1997): Nonlinear Partial Differential Equations for Scientists and Engineers.
Birkhaiiser, Boston.
[234] Haberman, R. (1998): Elementary Applied Partial Differential Equations. W ith Fourier
Series and Boundary Value Problems. Third Edition. Prentice Hall, Upper Saddle River.
[235] Jost, W. (1952): Diffusion in solids, liquids and gases. Academic Press Inc., Publishers,
New York.
[236] Carslaw, H.S. and Jaeger, J.S. (1959):

Conduction of heat in solids.

Clarendon Press,

Oxford.
[237] Edelstein-Keshet, L. (1986): Mathematical theory of plant-herbivore systems. Journal of
Mathematical Biology 24, 25-58.
[238] Lewis, M.A. (1994): Spatial coupling of plant and herbivore dynamics: The contribution of
herbivore dispersal to transient and persistent “waves” of damage. Theoretical Population
Biology 45, 277-312.
[239] Turchin, P. (1989): Population consequences of aggregative movement. Journal of Animal
Ecology 58, 75-100.
[240] Segel, L A. (1989): Modelling dynamic phenomenon in molecular and cellular biology. Cam
bridge University Press, Cambridge.
[241] Skellam, J.G. (1951): Random dispersal in theoretical populations. Biometrika 38, 196218.
[242] Skellam, J.G. (1973): The formulation and interpretation of mathematical models of diffusionary processes in population biology. In: The Mathematical Theory of the Dynamics of
Biological Populations (Eds.: M.S. Bartlett and R.W. Hiorns). Academic Press, New York,
pp. 63-85.
[243] Ford, E.D. and Sorrensen, K.A. (1992): Theory and Models of Inter-Plant Competition as
a Spatial Process. In: Individual-Based Models and Approaches in Ecology. Populations,
Communities and Ecosystems (Eds.: D.L. DeAngelis and L.J. Gross). Chapman & Hall,
New Yor, pp. 363-407.
[244] Gueron, S., Levin, S.A. and Rubenstein, D.L (1996): The Dynamics of Herd: From Indi
viduals to Aggregations. Journal of Theoretical Biology 182, 85-98.
[245] Kareiva, P. (1990): Population dynamics in spatially complex environments: theory and
data. Philosophical Transactions of the Royal Society of London B 330, 175-190.

402

[246] Gurney, W.S.C. and Nisbet, R.M. (1998): Ecological Dynamics. Oxford University Press,
New York.
[247] Rogers, D.J. and Randolph, S.E. (1991): Mortality-rates and population-density of tsetse
flies correlated with satellite imagery. Nature 351, 739-741.
[248] Randolph, S. (1994): Population dynamics and density-dependent seasonal mortality in
dices of the tick Rhipicephalus appendiculatus in eastern and southern Africa. Medical and
Veterinary Entomology 8, 351-368.
[249] Illingworth, V. (1991): The Penguin Dictionary of Physics. Longman Group Ltd., London.
[250] Odulaja, A. and Abu-Zinid, I.M. (1997): The relative efficiency of Latin Square and ran
domized complete block designs for insect trapping experiments: an investigation using field
data on tsetse flies. Ecological Entomology 22, 184-188.
[251] May, R.M. (1973): Stability and Connectance in Model Ecosystems. Monographs inPopu
lation Biology, Vol. 6. Princeton University Press, Princeton, New Jersey.
[252] Levin, S.A. (1974):

Dispersion and population interactions. The American Naturalist 108,

207-228.
[253] Levin, S.A. (1976): Population dynamic models in heterogeneous environments. Annual
Review of Ecology and System atics 7, 287-310.
[254] Kauzinger, C.M.K. and Morin, P.J. (1998): Productivity controls food-chain properties in
microbial communities. Nature 395, 495-497.
[255] Gilpin, M.E. (1975): Group Selection in Predator-Prey Communities. Princeton University
Press, Princeton, New Jersey.
[256] Hoppensteadt, E.G. (1982): Mathematical methods of population biology. Cambridge Uni
versity Press, Cambridge.
[257] Tuckwell, H.C. (1995): Elementary Applications of Probability Theory.

Second Edition.

Chapman and Hall, London.
[258] Roy den, H.L. (1963): Real Analysis. The Macmillan Company, New York.
[259] Haefner, J.W. (1996): Modelling Biological Systems: Practice and Applications. Chapman
& Hall, New York.
[260] SAS Institute Inc. (1989): SAS/STAT® U ser’s Guide, Version 6, Fourth Edition, Volume
2. SAS Institute Inc., Cary, NC.
[261] Fretwell, S.D. (1977): The regulation of plant communities by food chains exploiting them.
Perspective in Biology and Medicine 20, 169-185.

403

[262] Verhulst, F. (1996): Nonlinear Differential Equations and Dynamical Systems. SpringerVerlag, Berlin.
[263] Rosen, R, (1970): Dynamical System Theory in Biology. Volume 1: Stability Theory and
its Applications. John Wiley &: Sons, New York.
[264] Jordan, D.W . and Smith, P. (1999): Nonlinear Ordinary Differential Equations. An Intro
duction to Dynamical System, Third Edition. Oxford University Press, Oxford.
[265] Gibson, G. and Brady, J. (1985): ’Anemotactic’ flight paths of tsetse flies in relation to host
odour: a preliminary video study in nature of the response to loss of odour. Physiological
Entomology 10, 395-406.
[266] Curry, G.L. and Feldman, R.M. (1987): Mathematical Foundations of Population Dynamics.
Texas A & M University Press, College Station.
[267] Saini, R.K. (1990): Responses of tsetse, Glossina spp. (Diptera: Glossinidae) to phenolic
kairomones in wind tunnel. Insect Science and its Application 11(3), 369-375.
[268] Wolfram, S. (1999): The Mathematica Book. Fourth Edition. Cambridge University Press,
Cambridge.
[269] Swokowski, E.W ., Olinick, M. and Pence, D. 1994: Calculus, 6^^-Edition. PW S Publishing
Company, Boston.
[270] Edmunds, D.E. and Triebel, H. (1996): Functions spaces, entropy numbers and differential
operators. Cambridge University Press, Cambridge.
[271] Zauderer, E. (1983): Partial Differential Equations in Applied M athematics. John Wiley &
Sons, Inc., New York.
[272] Varma, A. and Morbidelli, M. (1997): Mathematical Methods in Chemical Engineering.
Oxford University Press, New York.
[273] Walker, A. (1994): The Arthropods of Human and Dom estic Animals. A guide to prelimi
nary identification. Chapman & Hall, London.
[274] Morrison, W.I., Lalor, P.A., Coddeeris, B.M. and Teale, A.J. (1986): Theileriosis: Antigens
and Host-Parasite Interactions. In: Parasite Antigens: Toward New Strategies for Vaccines
(Ed.: T.W . Pearson). Marcel Dekker, Inc., New York and Basel.
[275] Sutherst, R.W. and Kerr, J.D. (1987): Losses in livestock productivity caused by ticks
and tick-borne diseases. In: Ticks and Tick-borne Diseases (Ed.: R.W. Sutherst). ACIAR
Proceedings No. 17, Canberra, pp. 108-112.

404

[276] Sutherst, R. W. and Maywald, G.F. (1987): Modelling Tick Management. 2. The Role of
CLIMEX. In: Ticks and Tick-horne Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings
No. 17, Canberra, pp. 137-140.
[277] Nokoe, S., Meena, H., Munyinyi, D., Punyua, D.K., Latif, A.A. and Okello, O. (1992):
A computer simulated model for the biology and control of Rhipicephalus appendiculatus
Neumann (Acari: Ixodidae). Insect Science and its Application 13(1), 69-99.
[278] Gumming, C.S. (1999): Host distribution do not limit the species ranges of most African
ticks (Acari: Ixodida). Bulletin of Entomological Research 89, 303-327.
[279] Randolph, S. (1997): Abiotic and biotic determinants of the seasonal dynamics of the tick
Rhipicephalus appendiculatus in South Africa.

Medical and Veterinary Entomology

11,

25-37.
[280] Floyd, R.B. (1987): Modelling tick populations. In: R.W. Sutherst (Ed.) Ticks and Tickhorne Diseases. ACIAR Proceedings No. 17, Canberra, pp. 48-51.
[281] Vail, S., Smith, C. and Lord, C. (1994): Population Biology of Ixodes scapularis, The
Vector of Lyme Disease in the Eastern and North Central United States. In: Parasitic and
Infectious Diseases: Epidemiology and Ecology (Eds.: M.E. Scott and C. Smith). Academic
Press, San Diego, pp. 263-277.
[282] Randolph, S.E., Cern, L. and Nuttal, P.A. (1996): Co-feeding ticks: epidemiological signif
icance for tick-borne pathogen transmission. Parasitology Today 12(12), 472-479.
[283] Tukahirwa, E.M. (1976): The effects of temperature and relative humidity on the develop
ment of Rhipicephalus appendiculatus Neumann (Acarina, Ixodidae). Bulletin of Entom o
logical Research 66, 301-312.
[284] Wikel, S.K. (1996): Immunology of the Skin. In: The Immunology of Host-Ectoparasite
Arthropod Relations (Ed.: S.K. Wikel). CAB International, Wallingford, pp. 1-29.
[285] Branagan, D. (1973): Observations on the development and survival of the Ixodid tick Rhipi
cephalus appediculatus Neumann, 1901 under quasi-natural conditions in Kenya. Tropical
Animal Health Production 5, 153-165.
[286] Branagan, D. (1973): The developmental periods of the Ixodid tick Rhipicephalus appedicu
latus Nenm. under laboratory conditions. Bulletin of Entomological Research 63, 155-168.
[287] Chiera, J.W ., Newson, R.M. and Cunningham, M.P. (1985): Cumulative effects of hosts
resistance on Rhipicephalus appendiculatus Neumann (Acarina: Ixodidae) in the laboratory.
Parasitology 90, 401-408.

405

[288] Latif, A.A., Punyua, D.K., Capstick, P B . and Newson, R.M. (1991): Tick infestations
on Zebu cattle in Western Kenya: Host resistance to Rhipicephalus appendiculatus (Acari:
Ixodidae). Journal of Medical Entomology 28, 127-132.
[289] Newson, R.M., Chiera, J.W., Young, A.S., Dolan, T .T ., Cunningham, M.P. and Radley,
D.E. (1984): Survival of Rhipicephalus appendiculatus (Acarina: Ixodidae) and persistence
of Theileria parva (Apicomplexa: Theileriidae) in the field. International Journal of Para
sitology 14(5), 483-489.
[290] Young, A.S. and Leitch, B.L. (1981): Epidemiology of East Coast Fever: some effects
of temperature on the development of Theileria parva in the tick vector, Rhipicephalus
appendiculatus. Parasitology 83, 199-211.
[291] Maywald, G.E. (1987): Modelling tick populations 2. Developmental phase. In: Ticks and
Tick-borne Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings No. 17, Canberra,

pp.

39-43.
[292] Norval, R.A.I. (1977): Ecology of the tick Amblyomma hebraeum Koch in the Eastern Cape
Province of South Africa. I. Distribution and seasonal activity. Journal of Parasitology 63,
734-739.
[293] Randolph, S. and Rogers, D.J. (1997): A generic population model for the African tick
Rhipicephalus appendiculatus. Parasitology 115, 265-279.
[294] Food and Agriculture Organization of the United Nations (1984):

Ticks and tick-borne

disease control: A practical field manual, Volume 1, Tick control. FAQ, Rome.
[295] Moll, G. (1987): Losses caused by tick-borne diseases in the Lolgorien area of Kilgoris sub
district, Kenya. In: Ticks and Tick-borne Diseases (Ed.: R.W. Sutherst). Proceedings No.
17, Canberra, pp. 119-120.
[296] Norton, G.A. (1987): A strategic research approach for tick control programs. In: Ticks
and Tick-borne Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings No. 17, Canberra, pp.
126-132.
[297] Norval, R.A .I., Sutherst, R.W., Kerr, J.D., Jorgensen, O.G., Kurki, J. and Gibson, J.D.
(1987): The effects of ticks on the productivity of cattle in Zimbabwe.

In:

Ticks and

Tick-borne Diseases (Ed.: R.W. Sutherst). ACIAR Proceedings No. 17, Canberra,

pp.

116-117.
[298] Punyua, D.K. (1984): Development periods of Rhipicephalus appendiculatus Neumann (Aca
rina: Ixodidae) under field conditions. Insect Science and its Application.

5(4), 247-250.

406

[299] Tukahirwa, E.M. (1972): The feeding behaviour of larvae, nymphs and adults of Rhipi
cephalus appendiculatus. Parasitology 72, 65-74.
[300] Hart, B.L. (2000): Role of grooming in biological control of ticks. Annals of the New York
Academy of Sciences 916, 565-569.
[301] Mukhebi, A.W., Wathanga, J., Perry, B.D., Irvin, A.D. and Morzaria, S.P. (1989): Financial
analysis of East Coast fever strategies on beef cattle production under farm conditions.
Veterinary Record 125, 456-459.
[302] Hewetson, R.W. (1981): Results of selection for cattle tick resistance in cattle. In: Tick
Biology and Control (Eds.: G.B. Whitehead and J.D. Gibson). Rhodes University, Grahamstown. South Africa, pp. 91-93.
[303] Kaiser, M.N., Sutherst, R.W. and Bourne, A.S. (1991): Tick (Acarina: Ixodidae) infesta
tions on zebu cattle in northern Uganda. Bulletin of Entomological Research 81, 257-262.
[304] Medley, G.F., Perry, B.D. and Young, A.S. (1993): Preliminary analysis of the transmission
dynamics of Theileria parva in eastern Africa. Parasitology 106, 251-264.
[305] Wikel, S.K., Ramachandra, R.N. and Bergman, D.K. (1996): Arthropod modulation of
host immune responses.

In:

The Immunology of Host-Ectoparasite Arthropod Relations

(Ed.: S.K. Wikel). CAB International, Wallingford, pp. 107-130.
[306] Wikel, S.K. (1980): Host resistance to tick-borne pathogens by virtue of resistance to tick
infestation. Annals of Tropical Medicine and Parasitology 74(1), 103-104.
[307] Ribiero, J.M.C. (1987): Role of saliva in blood-feeding by arthropods. Annual Review of
Entomology 32, 463-478.
[308] Allen, J R. (1973): Tick resistance: basophils in skin reactions of resistant guinea pigs.
International Journal of Parasitology 3, 195-200.
[309] Trager, W. (1939): Acquired immunity to ticks. Journal of Parasitology 25, 57-81.
[310] Nithuathai, S. and Allen, J R. (1984): Effects of ultraviolet irradiation on acquisition and
expression of tick resistance in guinea-pigs. Immunology 51, 153-159.
[311] de Castro, J.J. and Newson, R.M. (1993): Host resistance in cattle tick control. Parasitology
Today 9, 13-17.
[312] Rechav, Y. and Dauth, J. (1987): Development of resistance in rabbits to immature stages
of ixodid tick Rhipicephalus appendiculatus. Medical and Veterinary Entomology 5, 29-34.

407

[313] Dharampaul, S., Kaufman, W.R. and Belosevic, M. (1993): Differential recognition of saliva
antigens from the ixodid tick Amblyomma variegatum (Acari: Ixodidae) by sera from in
fested and immunized rabbits. Journal of Medical Entomology 30, 262-266.
[314] Mongi, A., Shapiro, S.Z., Doyle, J.J. and Cunningham, M.P. (1993): Characterization of
antigens from extracts of fed ticks using sera from rabbits immunized with extracted tick
antigen and by successive tick infestation. Insect Science and its Applications 7, 479-487.
[315] Gettinby, G. and Byrom, W. (1989): The dynamics of East Coast fever: a modelling per
spective for the integration of knowledge. Parasitology Today 5, 68-73.
[316] Randolph, S. and Craine, N.G. (1995): General framework for comparative quantitative
studies on transmission of tick-borne diseases using lyme borreliosis in Europe as an example.
Journal of Medical Entomology 32(6), 764-777.
[317] Fawcett, D.W ., Young, A.S. and Leitch, B.L. (1985): Sporogony in Theileria (Apicomplexa:
Piroplasmida) - a comparative ultrastructural study. Journal of Submicroscopic Cytology
17, 299-314.
[318] Sparagano, O. and Watt, D. (1997): Non-systemic infection in Rhipicephalus appendiculatus
ticks. Parasitology Today 13(5), 201.
[319] Sutherst, R.W., Sutherland, I D., Bourne, A.S., Maywald, G.E. and Stegeman, D A. (1988):
Ecology of the cattle tick Boophilus microplus in subtropical Australia. I. Introduction and
free-living stages. Australian Journal of Agricultural Research 39, 285-297.
[320] Sutherst, R.W., Maywald, G.F., Bourne, A.S., Sutherland, I D. and Stegeman, D.A. (1988):
Ecology of the cattle tick Boophilus microplus in subtropical Australia. II. Resistance of
different breeds of cattle. Australian Journal of Agricultural Research 39, 299-308.
[321] Sutherst, R.W., Maywald, G.E., Kerr, J.D. and Stegeman, D.A. (1983): The effect of cattle
tick Boophilus microplus on the growth of Bos indicus x B. taurus steers. Australian Journal
of Agricultural Research 34, 317-327.
[322] Sutherst, R.W., Kerr, J.D., Maywald, G.E. and Stegeman, D.A. (1983): The effect of cattle
tick Boophilus microplus on the growth of Bos indicus x B. taurus steers. Australian Journal
of Agricultural Research 34, 329-339.
[323] Sutherst, R.W ., Wharton, R.H., Cook, I.M., Sutherland, I D. and Bourne, A.S. (1979):
Long-term population studies on the cattle tick Boophilus microplus on untreated cattle
selected for different levels of tick resistance. Australian Journal of Agricultural Research
30, 353-368.

408

[324] Bourne, A.S., Sutherst, R.W., Sutherland, I D., Maywald, G.F. and Stegeman, D.A. (1988):
Ecology of the cattle tick Boophilus microplus in subtropical Australia.

III. Modelling

populations on different breeds of cattle. Australian Journal of Agricultural Research 39,
309-318.
[325] Sutherst, R.W., Floyd, R.B., Bourne, A.S. and Dallwitz, M.J. (1986): Cattle grazing be
haviour regulates tick population. Experientia 42, 194-197.
[326] Mwangi, E.K., Newson, R.M. and Kaaya, G.P. (1991): Drop-off patterns for engorged
adult females, nymphs and larvae of Rhipicephalus appendiculatus. Insect Science and its
Application 1 2 (5 /6 ), 629-633.
[327] Uspensky, I. and loffe-Uspensky, I. (1999): The relationship between engorged female weight
and egg number in ixodid ticks: a biological interpretation of linear regression parameters.
Acarologia vol.XL, fasc.l, 8-17.
[328] Dipeolu, O.O., Amoo, A.O.J. and Akinboade, O.A. (1991): Studies on ticks of veterinary
importance in Nigeria: intrinsic factors influencing oviposition and egg-hatch of Amblyomma
variegatum under natural conditions. Folia Parasitologica (Prague) 38, 63-74.
[329] Sutherst, R.W. and Maywald, G.F. (1985): A computerized system for matching climates
in ecology. Agri,culture, Ecosystem and Environment 13, 281-299.
[330] Sutherst, R.W. (1998): Implications of global change and climate variability for vectorborne diseases: generic approaches to impact assessments.

Journal of Parasitology

28,

935-945.
[331] Floyd, R.B., Maywald, G.F. and Sutherst, R.W. (1987): Ecological models 2. A population
model of Rhipicephalus appendiculatus.

In:

Ticks and Tick-borne Diseases (Ed.: R.W.

Sutherst). ACIAR Proceedings No. 17, Canberra, pp. 72-75.
[332] McNair, J.N. and Goulden, C.E. (1991): The Dynamics of Age-Structured Populations with
a Gestation Period: Density-Independent Growth and Egg Ratio Methods for Estimating
the Birth Rate. Theoretical Population Biology 39, 1-29.
[333] Nisbet, R.M. and Gurney, W.S.C. (1982): Modelling Fluctuating Populations. John Wiley
& Sons, New York.
[334] Mwambi, H.G., Baumgartner, J. and Hadeler, K.P. (2000): Ticks and tick-borne diseases:
a vector-host interaction model for the brown ear tick [Rhipicephalus appendiculatus). Sta
tistical Methods in Medical Research 9, 279-301.

