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SUMMARY

Loch Fleet, a remote upland lake in S. W. Scotland. ra d y acidified i

the 1970'5 and became fishless. A maior five-year research project (1055

89) was undertaken to investisate and improve the water quality of tbe lo-h

in order to re-p2.tablish Cl sustainable brown trC1ut f1

biological investigations. aquatic macrophytes were surveyed annually

durins September. before (1985) and after (1986-88) catchment liminE. by

taking Ekman grab samples both througbout the locb .:md along transacts.

Prior to limimg. the species-poor macrDDhvte flora was restricted to water

~5m deep. There Has a distinct depth zonation vdth Littorella uniflor3.

Lobelia dortmanna. Isoetes lacustris and Sphagnum auriculatum dominant in

progressively deeper water.

subli ttDral.

Sphagnum Has the domi n3nt i TI the

te little change in both their

After catchment limin::;. loch H3ter pH increased frDm 4.5 to 6. and tt.e

most profound changes were:

1 A 99% decline in Sphagnum bio~~ss witbin 30 months.

2 ColDnisation of deeper water by Utricularia and two previr:wsly

unrecorded mosses, Amblystegium serpens and Drepanocladus fluitans.

3 Evidence for increased abundance of Isoetes lacustris and decreased

abundance Df Lobelia dortmanna

distri butions.

4 A proliferation of filamentous green algae in 19Se, which, due to

smothering of foli3ge, adversely affected growth of Lobelia, ]UDCUS

fluitans and most particularly, the liverwort Solenosto~~ triste.

5 A reduction in the maximum depth of macrophyte tD 4m.
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INTRODUCTION

There is irrefutable scientific evidence that lakes and streams in

catchments with particularly sensitive 8eol08ies, and soils with Cl low

buffering capacity. are su i bl e to vl,'Jter 3d ci fic3tion from hUITL3TI

activity. Anthropogenic 'acid rain' is primarily a conse."1uencF' of burnin:-

fossil fuels, but the production of nitrogen oxides mGtor veld ele

engines may also be an import,:mt contrihutory f3ctor. Othpr factors. mo",:t

notablv afforestation of catchments with coniferous trees, can exacerbate

the problem of water acidification (United Kingdom ACId Waters Review

Group, 1989).

The biological consequenceE', of acidification are profound.

significant changes in aquatic pLH',t ar:d ;:mimed cGmmunitisc=.

trout (Sal-me spp,) from acidified lake", is a 'dell l':T',(J'Hn

Overrein et al., 19B1). but chansEs in aquatic na.-r""",h,,"T

received less attention. However, comD3Tison of bistorico1 mGrrnrh"'T

records with recent. botanical survpy dat.R has, indic3ted s.i;;ZTiificant

floristic chan~e in some recently acidified soft-water lakes in Sweden

<Grahn et al., 1974: Grahn, 1977), a number of beathlnnd in the

Roelofs. 19,0,3) andNetherlands (van Dam and Kooyman-van-Blokland, 1978:

Lake Avalanche in the U. S, A. (Hendrey and Vertucci. 19E,O). In these sites,

preViously dominant isoetid communities, comprisinE shoreweed. Littere17a

unif1ora. water lobelia. Lobelia dert:mzmna and quil1wort. Tsoetes

1acustris, have declined in relative abundance and been partially or. in

some cases, totally replaced by Sphagnum moss and/or bulbous rush. Juncl!s

bulbosus var fluitans which both thrive in acid water

become established in the sublittoral of a number of 3cidifjpd lalms in
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parts of Scotland and Wales (Pave, 191",°, a 81 shed dati1)

Attempts to the effects of W7lter acidification h.:nlP largely been

confined to Scandinavia and North America vihere a large number of i'l:-:idifie~

lake!':. have been limed (eg ErU'son et al .• 19.'33: Krester ill Colquh::mn

1984), However, due to different prevailing hydrol cal conditions

notably much IDore rapid turnover times in smaller lakes, direct lims

application to lakes is inappropriRte in Britain <!Trlaeoman et a?

Experi ments i nvol vi ng catchruent 1 i mi Tlg and oH,eT treatments ba'.;e bpen

undertaken in Scotland and Wales to identify the most ecologically and

economically satisfactory method!': of rpstDring laTF-c:c to t'beir nr"-a;-idi fi;:::1

1987) . One of these studies tb:: 'Loch Fl eet PrnlPct' w~s a major

0984-89) research pro~ramme ;:::.ponsored hy the Central Electricity

Generating Board. the SOlJth of Scotland Electricity Board, the North of

Scotland Hydro Electric Board aDd British Cml (Howells & Brown, 1987).

The prime objective was to restore Cl self-sustaining trout fishery to a

small upland acidified lake in Galloway, S. W. Scotland. by

suitable water chemistry conditions throll catchment liminE ann other

treatments. Thi.s paper deE.cri hes changes i r; tbro di stri "h,:: i on and rp 1a+ i ·;,2

abundance of aquati';:j macroph PS in Loch FI,,:et dur

of this restoration programme.

The Study Site

1985-88 as a rec:;.lJIt

Tbis section is a E.hort sUImnary of the Loch Fleet Project abstrActpr] fron

Howells & Brown (1987) and Howells (1989 .
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Fig. 1 The Loch Fleet catchment, showing treatments applied to experimental

sectors during 1986 and 1987.

Taken from CEGB (1989).
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Loch Fleet is a small 17 ha) u and (altitude. 340m) lake in Galloway, 8

W. Scotland (National Grid Reference. NX 560698 Tbe catchment area of

111ha comprises granite bedrock overlain by thin layers of '1"lr",rilnrn; Tlan+ ly

stony-sandy loan, peat and peaty 81ey8. Rough nood and compri si ng ma i nly

heather. Cal1una vu.Zgaris and purple moor gras:s, Nolinia caerula is tr:p

dominant vegetation but 10% of the lower catchmpnt wC's planted with "'.er'.K·.?

Picea spI"! lodgepole pine Pinus contorta ord larch Larilt spp. in 1961/62.

The loch supported a healthy trout fishery until the 105 's, but ra d

acidification after 1970 effectively rendered the \<!ater fishless Tn 1984

the water was very acid (pH 4.2 - 4.5) and had high concentrations /-7 0.2

mg 1'- 1) 0 f a I u mi n i um.

Following extensive baseline stu-jie2, of several environmental

soil. vegetation and aquatic biota.. the catchment was divided 'into

experimental sectors, most of 'dhich were subjected to differen.t type", :if

treatment, (principally the

water chemistry was closely monitored taki re; sampl PO-: from thp ''Sub-

catchment sectors, four artificial embaymert", cnnE.tllJ·:::ted y:ithir: the In::-b,

tbe main locb and the outflow. in ca tcrrmE'nt sDi 1S VI? ti OTi 3T:d

aquatiC biota were also monitored.

water qual ity rapi dly improved in lime treated sectors and the pH of the

outflow increased from 5.5 to 6.3 over 2.5 months. an improvement

(inclUding significantly higher calcium and significantly lower alGmini m

concentrations) which was subsequently maintained (Fig. 2). Water in

embayment 5 remained acidic (ca. pH 4,5 - 4.7), reflecting the non-

treatment of sector V.
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Water chemistry changes at the Loch :rleet outflow in relation to:rig.. 2
liming of experimental sectors in the catchment ..
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The loch was restocked with brown trout Salmo trutta in Nay 1987 and Julv

1988. Successful spawning occurred in the autumn of both years and

recaptured adult fish were found to be in good condition.

JrnTHODS

Vascular plants, bryophytes (mosses and liverworts and algae easily

discernable with the naked eye (eg filamentous green algae.

Batrachospermum) were all included as aquatic macrophytes. Where ever

possible, plants were identified to species in the field. Bryophytes were

retained and dried for subseauent examination with a compound microscope.

and voucher specimens were kept as a reference collection.

of algae was not attemnted heyond a rudimentary level.

Identification

Aquatic macropbyte distribution was assesed by three methods:

maDDin~ littoral ve~etation from the shore.
~~ w W

2) taking random Ekman grab samples in (sublittoral water and

3) taking Ekman grab samples at regular intervals along four transects

aligned perpendicular to the shore.

Littoral mapping

Littoral (nearshore) vegetation around the loch was ~~pped from the shore

in July 1983 (Raven, 1985). This was repeated in September 1988 to
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Random grab samples

7

within this habitat

A preliminary assessment of sublitoral macrop"hyte distdbutinn was obtainer]

by recordinE plant material recovered in 80 Ekm,n grab samples during a

bathymetric survey in July 1984 (Anderson et al. 1986). Water depth,

substrate and m:lcrophyte taxa were rec.orded and each sa1l1pl inE E.i te vIas

accurately located using shore-based plane table planimetry. Comnrehensivp

pre-liming distribution dat:;) vlere achieved by further survey of the whole

loch in Sentember 1985 when 5 grab samples (surface area 15 x 15 cm) were

taken within a grid of 100 x 100 m squares delineated on the water surface

by temporary buoys (Appendix 1).

The 1984-85 data indicated that livin~ macrophvtes were confined to water
;,..J ... .;

5 m deep. Each of the three subsequent annu31 surveys (Septemher 1986-88)

therefore concentrated in these areas (Appendix 2). Compass bearings were

taken onto known landmarks around the shore to locate and

the sample sites. Random grab samnles were also taken in experimental

embayments 4,5 and 9 (Fig, 3).

Transects

Four 30 m long transects were established in September 1985 and re-surveyed

in 1986-88 (Fig, 3), Transects 'B' and 'D' were located on the sheltered.

gently shelVing southwestern shore and the steep, northern shore
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Transects 'A' and 'C' were located to he within

and 5 respectively, the latter ronT-o,=onT lng an acid water control. EkIT0TI

grab samples were taken every two metres alon~ each transect and water

depth, substrate and macrophyte taxa recorded (Paven, 1986). As witb the

random samples. the amount of plant material recovered in each grab was

visually estimated using a crude qualitative scale. comprising 'present',

'abundant' and 'very abundant'.

Estimating Sphagnu11l biomass and condition

in the status of Sphagnum in the loch before and after I i \-la",

the main focus for this study, Samples of ~'Dh;'igTlullJ were retained to

estimate mean dry weight for each of the qualitative abundance

described above. Total Sphagnum dry weight bio1'll:'1sE in the loch was simply

estimated by mul tiplyi ng the reI ati ve percentagE occurrer,c:e and abundance

data presuming that the percentage occurrence data were a good overall

indication of Sphagnum cover,

The length of the green (living) portion of SpbagDt:m shoots. which broadly

indicates the amount of growth during the current growing season CGrahn,

1985), was measured to assess annual chan:;es in condition. The OCGurrence

of obvious die-back and Sphagnum dehri s were recorded in the field,

Data presentation

Water level was measured relative to a fixed shore-line mark on each
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Fig. 3 The location of transects "A" - liD" and the experimental embayments

in Loch Fleet. Bathymetric contours at 5 m intervals (Anderson et

al. 1986).

Acid water

J

100m

EMBAYMENT
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There was a range of 0,5m in w,,,ter levels rer;orded duri ni:l

1985-88, so all water were standardised to the 1ge6 leve

Floristic changes throughout the loch were assessed by comparing the

percentage occurrence of i ndi vi duo 1 taxa d,Jri ng 1985-B8, Changes were

evaluated further by considering each Im depth interval, For simplici

the random sublittoral and transect EkIT3n "rah data other than those takeD

within the embayments were combined, The number of s3mn1es taken in

embayments 4 and 9 were too small for meaningful annual comparisons to he

made. but data from embayment 5 were userl as :-;:n a::id w3te-:- contrn1 c',:rin:::

191">6-88.

In addition to simply assessing in the ~~ occurrence dsta

for individual taxa. annual changes in relative abundance for selected

macrophytes were estimated using an index system calculated by numerically

weighting the abundance categories recorded in the field (see Table 1 for

an example calculation), For eac'h t.axon. the pre-liming (1985) abundance

status was represented by a baseline index value of 100, Abundance in

subsequent years was eynroC'c:on as a percentage of that value: for

an index of 200 represented an abundance twice tbat in 1985. Thi s i nde./:

system could only be used for assessin~ relative in the abund3ncp

of individual taxa from year to year. not directly as a comnarison between

taxa. However. together with the percentage occurrence data. it ded

useful indicator of the response of

Hming.

t.axa following catchment

A more accurate assessment of change in the abundance of Sphagnum, based on

dry weight biomass, is described above
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An example calculation of the relative abunda.nce index
for macrophytes in Locb Fleet, ]985-88.

e.g. Isoetes lacustrfs (19B6)

Abundance
category.

IJulIErial
weighting

(v)

Jlunber of
occurrences

Proportion of total
observations (%)

(p) (pv)

Present 1 15 48 48
Abundant 2 12 37 74
Very Abundant 3 5 16 48

Epv

Epv multiplied by % occurrence in Ekm3n grah

169

169 x 36.8 = 62.2

1985 value. calculated the same yJ:'j\,T = 47.6: INDEX VALUE = 100

1986 index = 62 2

= 131

47.6 x 100

and so on.

* amount of plant m3terial recovered in Ekman grab.
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RESULTS

Lake vegetation before catchment liDing

Shortly before catchment I i:rnin2' , the snecies-noor am:atic flora \>las tvnical
" '--I' ... J. J. .j ...

of an exposed upland oligotrophic lake with very acid water (Table 2).

Emergent vegetation comprised two small stands of bottle sedge Carex

rostrata growing in the sheltered N.W. bay (Appendix 1), although jointed

rush Juncus articulatu,s was locally abundant on peaty substrate near the

water's edge, particularly along the western shore.

The predominantly rocky and boulder-strewn shorline severely restricted the

development of macrophytes inshore. BDth Littorella uniflora and Lobelia

dortmanna were patchily distributed and were abundant only in areas \dth

sand or gravel substrate. Vascular plants were extremely scarce on the

exposed rocky eastern shoreline where liverworts were predominant. Mosses

notably Racomitri um aciculare were abundant Dn boulders near the ..later's

edge. Filamentous green algae, particularly Nougeotia spp. coated

submerged liverworts and the underwater p3.rts of Lobelia flowering stems.

In deeper water Isoeteslacustr.is and Sp"ryagnum auriculatum were locally

abundant on organic sediment Consequently, there was a distinct

Littorella - Lobelia - Isoetes - Sphagnum depth zonation (Fig. 4).

Sphagnum auriculatum was the dominant macrophyte throughout the loch in

water 2 - 5 m deep, and was particularly abundant on muddy sediments off

the sheltered western shore, forming dense carpets more than 30cm deep in

places. However. the tal] quill-like stems of Isoetes lacustris still
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TABLE 2. The percentage occurrence of aquatic in Locb Fleet
before and after catcbment lining. Figures represent occurrence
in Ekman grab samples fron water ~ 5 m deep. Taxa arranged in
order of initial relative frequency.

l:acrophyte

BEFORE

September
1985

September
1986

AFTER LJ](]]'IG

September
1987

September
1988

Sphagnum aurieulatum
Isoetes laeustris
Lobelia dortmanna
Solenosto~7 triste
Sphagnum euspidatum
Littorella uniflora
Filamentous green algae
Iuneus bul bosus var f1ui tans
Utrieularia sp.
Fontinalis antipyretiea
Isoetes echinospora
Amblystegium serpens
Batraehospermum spp.
Bryum pal1ens
Calypogeia mulleriana
Cepha10zia connivens
Drepanoeladus fluitans
Lophozia sp.
Polytr.i eh llm commune
Seapania llndulata

7.8[39.91 7.6
34.6 38.2
13.1 10.2
24.8

0.6
11.1 10.,0
11. 1 53 6
8.5 'J 0

13.7 20.4

2.0 1.9
2.6 1 r:::

0.6
2.0 2.:=;
] . 3 1 . 3
4.6 8>3

0.6
0.6

Number of Ekman grabs 107 87 153 157

] includes Sphagnum showing signs of die-back

re. mainly Nougeotia sp.

* recorded during littoral mapping survey.
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this blanket of mosses In 19'35 the totnl

dry weight biomass of S. auriculatum in the loch ",as eE.timated to be

Although Sphagnum cuspidatum ",as recovered in 9.3% of Ekman grab samples it

was much less abundant than S. 3uriculatum. wi th an est.imated total dry

weight biomass of 2.6kg.

Since living macrophytes were restricted to water no more than 5m deep,

only 45% of the total lake bed constituted the colonization zone (cf Grahn,

1985). Inblown Holinia grass debris had accumulated in a few shallow

areas, but Sphagnum debris was largely confined to deeper water (Appendix

3) .

Vegetation changes after catchment liming

There were no significant changes in the littoral vascular macrophyte

community discernable by walking around the lochshore. Howeve.r, Cl single

small stand of various-leaved pondweed Potamogeton polygonifolius appeared

by September 1986 and within 2 years several other sites, including

embayments 4 and 9 had been colonized by this species. It was also evident

that filamentous green algae were extremely abundant in shallow water in

September 1988

The total number of macrophyte taxa recorded from Ekman grab samples

increased after liming, due mainly to the appearance of a number of

bryophytes (Table 2. However, with few exceptions, these newly­

established taxa remained a minor component of the macrophyte community.

Twelve macrophytes will be considered in some detail; indeed, the most
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Fig. 4 The depth iistribution of Littorella uniflora, Lobelia dortmanRa,

IBoetes lacustri§ and Sphagnum auriculatum in Loch Fleet before

(1985) and 30 months after catchment liming.
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ant comrnu mime]y de::1 ne of

Sphagnum, requires special attention in a sep3rat,? section beto'd

Lobelia remained the most frequently record!-='d vas.cuLn plant in s'haIlovl

water throughout 1985-138 althougl: there W:;;E evidence for a decline in

abundance during 1988 (Tables 3 and 4). Littarella became more widespre31

in water 1. 1 - 2.0 m deeD during 1987-,0,8 and also became more nbUTiClant
.l. ~'

overall. with a relative abundance ind2j{ more than bdcp that or t'J

li ming. However, the large variations in percentage frequency occurrence

of both Lobelia and Littarel18 mav have reflected the patchy distribution

of these macrophytes due to the extreme diver::;itv of different substrPlte

types in shallow water.

The preViously widely distributed leafy liverwort, Solenostoma triste

increased both in distribution and abundance durin~ 1986 and 1987.
~ ,

particularly in water up to 3m deep, but was not recovered alive in Ekm1.TI

grab samples taken in September 1988. There was an unusually large amount

of dead liverwort material in 19B?, and Virtually a I liverworts in sh:'ll1m:

water were smothered by filamentous green alsae, vlhieh h'-3d i feraterl i 1':

water up to 3m deep that year (Tables 3 and 4). ]UTi:~11Ef7Lt i tan,s 'V13S

another macrophyte Hhi ch increased in di std bution and abund311ce after

liming but suffered a reversal in 1988 when a large

were also thickly coated with filamentous green algae.

Bladderwort, Utriculari~ sp., recovered in only one Ekman grab sample (in

the north-Hest bay) prior to liming, rapidly spread and proliferated after

liming, particularly in water 1 - 3 m deeD. By 1988 it was the second most

widespread vascular (20.4% with a relative abundance
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TABLE 3. Changes in the relative abundance index of 12 selected macrophyte
taxa in Loch Fleet after catchment liDing.
Figures represent an abundance index indicating percentage of the
pre-liDing (1985) value for each macrophyte*.
(See Table 1 for calculation of index).

(a) Taxa with >10% frequency
in anyone year.

Before
1985

Abundance index
After Hming

1986 1987 1988

Sphagnum auri culatuw'
Isoetes lacustris
Lobelia dortmanna
Solenosto~~ triste
Littorella uniflora
Filamentous green algae
Utricularia sp.

(b) Taxa with >10% frequency
in at least one Im depth
interval in any year.

Sphagnum cuspidatu11i'c"
Juncus fluitans
Isoetes echinospora
Amblystegium serpens
Drepanocladus fluitans

100 90 0 1LI

100 131 150 151
100 118 101 50
100 236 301 0
100 41 24 () ,?'?;::

'-".1'c_

100 246 243 2217
100 767 3250 4667

100 50 20 0
100 225 944 422

100 95
100 113 720
100 418 1328

index of 100 shown for first year each taxon recorded in Ekm~n grab
samples.

*'" based on dry weight biomass.

Batrachospermum not included.
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TABLE 4. The depth distribution frequency of selected macrophyte taxa in
Loch Fleet before (1985) and after catchment liming.
Figures represent frequency ~ 10% to nearest integer; absence
indicated by -

Depth (m) Jlacrophyte Before
1985

After lining
1986 1987 1988

Lobelia dortJ1J....'lnn::: 42 57 53 45
Littorella uniflora 29 14 47 25
Filamentous green a1 gae 19 29 37 75
Isoetes lacustris 16 36 26 25

~ 1. Om Solenostoma triste 13 14 32
Sphagnum auriculatum 13
Juncus fl ui tans 14 37 15
Isoetes echinospora 11 15
Batrachospermum sp (.0). 11

Sphagnum auriculatum 74 77 12
Isoetes lacustris 62 59 61 60
Lobelia dortJJk"lnna 18 18 14
Solenostoma triste 13 32 31

1. 1-2. Om Sphagnum cusp.idatum 10
Littorella uniflora 16 14
Utricularia sp. 27 35
Juncus fluitans 1;::;
Filarnentous green a1 g<3e 14 92

Sphagnum auriculatum 94 82 11=:.1. ~_ j

Isoetes lacustris 44 50 33 43
Solenostoma triste 13 18 24

2.1-3.0m Sphagnum cuspidatum 14
Utricularia sp. 14 11 25
Fi lamentous green algae 53
Amblystegi um serpens 17
Drepanocladus fluitans 11

Sphagnum auriculatum 64 70
Sphagnum cuspidatum 29

3.1-4.0m Solenostoma triste 14 15 13
Isoetes lacustris 15
Amblystegi um serpens ')1=:

""~,

Drepanocladus fluitans 13

Sphagnum auriculatum 14 13
Solenostoma triste 22 13

4.1-5.0m Sphagnum cuspidatum 13
Filarnentous green algae 13
Amblystegi um serpens 13
Drepanocladus fluitans 13

---------------------------------------------------------------------------

See Appendix 4 for full details of occurrence frequency data
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or to iming (Tables ,3 and 4).

The distribution of [sastes lacustris in water 1 - 3 m was similar

before and after liming, but its relative abundance index had increased

50% by 1987. Furthermore, it was noticeable that rr~ny of the

recovered in Ekman grab samples were particularly largE and vigorou:? d:lr1n"

1987-<':\8. Isoetes ec.binospor.:l, previou""Jy reEtricted tn s1',,,111c1\" water

increased in distribution, and was. recovered from Ek1i'.an Q"rab PS in

1987 and 1988, but remained relatively scarce

Ambl.vstegium serpens and Drepanoc]adus fluit."lTJs, two bryophyte species

unrecorded prior to liming. increased significantly in distribution and

abundance during 1987-88, particularly in deeper water (Tables 3 and A \""'t;, •

Indeed these mosses, replaced Spbagnum spp. as the most

water 3.1 - 4.0 m deen.

The decline of sphagnum

tax;:; in

Althou~h there was no decrease in the nercenta~e occurrence encv of
'...I • ...... '"

Sphagnum auriculatum within 6 months of limin:; {Table 2>, there was an

apparent reduction in growth during the 1936 summer implied by short.er

living shoots compared with the previous year (Fig, 5). Eio-nTPpn months

after liming (September 1987), there was considerable Sphagnum die-back and

most shoots were either dead or showed less than lOmm growth. The

occurrence of bealthy S. Cluriculatum in the main loch declined from 54%

before liming to 7.8% and 7.6% after 18 and 30 months respectively. Durin~

the same period, the occurrence of Sphagnum debris in ,,,at.er 5m



increased from O.
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to 16 6% of Ekm~n ~rab sa PS

in the estimated total dry weigbt biomass were even more proncunceo

<Table 5: Fig. 6. Before liming. the bulk of the estimated 508kg (d-w)

Sphagnum occurred in water 1. 1 - 4.0 m deep. Within 30 months of limi DZ

only 1.1% (5.6kS) remained alive, the remnant plants confined to water

- 3.0 m deep. However. the surviving Sphagnum was apparently in sood

condition, with some living shoots exceeding 40mm in length (FiS. 5)

Sphagnum cLlspid,"ltllJ1J declined in distribution and abundance relativelv

quickly. It had disappeared fron deeper water (3.1 - 4.0 m) within 6

months and was not recorded at all from the main loch 30 months after

liming Tables 2.4 and 5).

Information Q"le.3ned from Ekman ;<rah s,amules arid ~eneral ohs(?rvatioP5 of tr.\?
U 'W.I. W

lake bed indicated that SphagnulTI rapidly died in emhayments 4 and 9 in

which the pH of the water increased from ca. 4.5 to more than 6.

In direct contrast to the main loch, S. auricuZatuTJI and S. cllspidatuJ1J

continued to flourish in ernbayrnent 5 where the water remained at an acid pH

of ca. 4.5 - 4.7 throughout (Fig. 5>. Indeed. the length distribution

frequency of living shoots from embayment 5 in 1988 was similar to that for

the entire loch before catchment liming, the modal class length being 41 -

50rnm in each case. Moreover, the estim~ted dry weight biom3ss of S.

auriculatuJ1J in the embayment increased from 6,Okg to 13.4kg during 1985-88.
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Fig. 5 The length of living Sphagnum auriculatum shoots in Loch Fleet before

(1985) and after catchment liming, compared with an acid water control.
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TABLE 5. The estimated dry weight biomass of Sphagnum auricuZatum and S.
cuspidatum in Loch Fleet before (1985) and after catchment
liming.

(a) Sphagnum auriculatum

Water depth (m)
1985

Dry weight blomass (kg>
1986 1987 1988

~ 1. 0
1.1-2.0
2.1-.3.0
3.1-4.0
4.1-5.0

TOTAL

9.4
143.3
205.2
1:38.4

11.9

503.2

1.5
139.2
182.9
13fo,. 3

459.9

0.9
11.3
24.6

1.3
1.3

39.4

l.()
3.7

5.6

------- ---------

(b) sphagnum cuspidatum
-------------------------------------------------------------------_._--_._-------
Water depth (m)

1985
Dry weigbt biomass (kg)

1986 1987 1988
---------------------------

~ 1. 0
1.1-2.0
2.1-3.0
3.1-4.0
4.1-5.0

TOTAL

0.23
0.59
0.37
1. 4~;

2.61

0.52
0.79

1. 31

0.53

0.53



Fig. 6 The depth distribution of Sphagnum auriculatum in Loch Fleet before (1985) and after catchment liming

expressed as percentage occurrence and estimated dry-weight biomass.
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A summary of the main vegetation ch~nges

The most profound short-term vegetation in response to limin~ were:

a 99% decline in Svhagnum bio~~ss within 30 months... w

ii) colonisation of deeper water (2.1 - 4.0 m) by Utricularia and hi:]

previously unrecorded mosses Ambl vstegi um serpens and Drepanoc 1adus

fluitans.

iiU desnite evidence for more vi'Torous 'Trowth of Isoetes lacustris. no
~ w . u

indication that it had started to colonise

devoid of 1i vi ng Sph::ignum.

water are~s newly

iv) a proliferation of filamentousQ'reen algae partie.uIClrlv in wClter un

to 2m deen in the third summer after liming resultinQ' in the~ _ w

smothering of liverworts (eg Solenostoma triste was effectively

killed off) and the dense coating of Lobelia stems and Juncus

fluitans foliage. with both these species decliw •

during 1988.

in abundan:e

v) a reduction in the maximum depth of IIlClcrophyte growth fro:rn ca. 5m in

1985-87. to 4:rn in 1988, and consequently a reduction in the

proportion of lake-bed area constituting the colonisation zone from

45% to 38%.

DISCUSSION

The proliferation of Sphagnum in acidified oligotrophic lakes is by no

means a universal phenomenon (Wile, 1983: Roberts et al., 1985). However.

there is little doubt that Sphagnum invaded and proliferated in Loch Fleet
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clly acidified during the early 1970's <Raven, 19!",6'

Anderson et al., 1986). Indeed, the increase of from 6. to

13.4kg dry-weight biomass in the acidic water control (embavment 5) durin~
J ~

1985-88 indicated that the moss would have continued to increase in the

main loch after 191",5 had the catchment not bpen lime;}, The abundance of

Sphagnum in Loch Fleet prior to limin;;: was similar to that in Lab"

G~rd5.jon, Sweden before surface limimg. the estimated mean dry v,eight

biomass within the vegetated lake bed being 12.6 ~m

respectively Ccf. Grahn, 1985).

and 14.2 ;fm

The decline in Sphagnum in Loch Fleet after limin:; 'das broadly consister,t

witb, but relatively slower than. that reported for some surface-limed acid

lakes in Sweden and upland 'Wales. For example. Sphagnum :;rovrth in Lake

Trehorningen was greatly impaired very soon after limine;. while in Lakp V.

Skalsjon, Sphagnum in contact vlith unslaked lime died almost immediately

CEriksson et al .. 1983). However. in Lake Lyspvatten, Hhere lime was:.

applied to s1a llow areas. some depauperate Sphagnum survived in deeper (2

10 m) water (Hultberg and Anderss:.on. 1982) In Llyn BerwjD. some urn

survived in the vicininty of add inflow streams (N. St.ringer. Welsh 'Water

Authori ,pers. comm.). Because the lake water re-ncidified relati.vely

qUickly Coften within 2 - 5 years at pach of these examn]p sites.

was able to rapidly recolonise and proliferate once again. Freauent lime

application to the water surface was therefore required to maintain the

reqUired pH, particularly in t.he two 'Welsh lakes which had short retention

times (Underwood et al., 1987). By comparison. liming the catchment of

Loch Fleet produced a more gradual and sustainable increase in lake pH.

together with a concomitant decline of Sphagnum. However, the continued

vigorous growth of 8phagnum in the acidic control eIllbayment, and apparently
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ants in the m~in loch indicate that

recolonisation and proliferation by Sphagnum would

water were to re-acidify in future.

v occur if thp

Assessing changes of macrophytes other than Sphagnum is difficult beea se

there are very few other studies for comparison. Furthermore. (i) no ti'IO

lakes contained the same pre-liming flora, (if) there is no consistent

between-site trend shovm by individual taxa (Table 6), and (Ui) there i,:o a

lack of quantitative and experirnental biomass data needed for detailed

evaluation of the responses of the plants to changes in water chemistry,

competition and grazing pressure etc. It is alsc self evident that since

each catchment iE. unique, and the method of lime applicatioT'. ',13S not

standardised. directly comparable results are highly unlike]v,

In Lake Bredvatten, for instance. both Tsoetes and [obelia recolonised

areas vacated by Sphagnum i'lfter liming (Hultbe!g and Andersson, 1932) hut

in three other limed lakes in Swedpn, no sl1cb rpsponse was reported

(Eriksson et al .. 1983) Despite evidence that Littorplla W3S extpnrling-

into deener water and that Isoetes '2'rovrl:b was mare vil<oroiJs after lirei nz
J- W w

(Tables 3 and 4), isoetid species had clearly not colonised areas vacated

by Sphagnum in Loch Fleet within 30 rnonths of liming. However, given

suitable conditions, this might occur in the lone;er terrn. Indeed, there is

evidence in the sedimentary record, that Isoetes was much more abundant in

Loch Fleet prior to acidification (Anderson et al., 1986).

In the short term, it appears that Utri culari 11, AmblxstegiuIIJ serpens. and

Drepanocladus fluitans responded quickly to liming by colonising deepe!

water (2 - 4 m) as SvhacrDUJIJ died.
" u

Utricularia increased after liming in
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TABLE 6. Changes in the distribution and abundance of selected
and four other lakes after lining.

Site liminE pH value)

Macrophyte
taxa

J[osses
Sphagnum spp.
Drepanocladus fluitans

Isoetids
Littorella uniflora
Lobelia dortmanna
Isoetes lacustris

L. Fleet
(4.2-4.5) r

oc+)
0(-)

0(+)

L. Trehdrninger L Largsi~n Llyn
(4.0-5.3 J (4.6-5.5)1 (4.2)1

o

o
o
o

L 1 ~.TTl Hi

Wymphaeids
Potamogeton natans
Sparganium angustifolium

Elodieds
Xyriophyl1um a1ternif1orum
Juncus fluitans
Utri cu1aria sp.

+
+

"*
+

+

+

+
o

+

+

-------------------------------------------------- - -- .-.- -_.

Data from Eriksson et al. 1983: N. Stringer. peTs. cemm.
e catchment limed: lake,-surface li1'1'lE?d.

+

i­

o
p

increase after liming
decrease after liming
new species after liming
unchanged after liming
P. pelygonifolius

}

}

.
symbols in brackets for Loch
in abundance where distrib1Jtion
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Lake Trehorningen, but the appearance and ent increase nf D.

fluitans in Loch Fleet after li~ing contrasts with its rapid decline in

Llyn Berwyn (Table 6).

The relative scarcity of funcus fluitans in Loch Fleet before liming anrl

its increase after liming were unexpected in the light of evidence

sugges.ti ng that this species usua 11y prol i ferates in acid wflters (eg

Roelofs, 1983) and declines rapidly when water is de-acidified (Alia.

1987) .

Colonisation of limed lakes by Potamogeton has been reported elspwhere.

For instance. P. natans colonised L. G§rd Mn (Lazaret. 19~6 1..

Trehorningen and 1. LlhgsjoD (Eriksson et al. 1983), while P.

polygonifolius appeared in Loch Fleet after liming. Probably as. a resul't

of its exposed location, Loch Fleet contained no ny~phaeid and only one

helonhvte snecies (Carex rostrata) urior to limin~.
J-" .J,. ... W

In some lower altitude

sites. species such as white viater-UlyNyrnpbaea alba. floating bur-reed

Spargani um angustifoli uro and alternate-flowered water mU foil l{vrioph}rll urn

alterniflorurn have increased after liming (Pg Eriksson et al .. 19,93)

K..vriophyllum alterniflorum generally inhabits oligotr:ophic aT~d vlatE:rs

with a pH ~ 5.5 but it is unlikely to naturally colonise Loch Fleet due to

the remoteness of the site. Furthermore. it does not previously appear as

a macro-fossil in the sedimentary record CAnderson et al .. 1986).

Algae can have a significant impact on the depth distribution of

macrophytes through a shading effect CSand-Jensen and S0ndergaard, 1981>.

It is probable therefore, that shading by filamentous green algae in Loch

Fleet helped to reduce the water transparency to 2.0m secchi disc depth in
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1988 compared with 2.7m prior to liming. This may have been

for a reduction in the maximum depth of macrophyte gro~rth from 5m to 4m

that year. A reduction in water transparency resulting from phytoplankton

changes in response to newly available nutrients

has been reported from limed lakes elsevlhere mul

ocno,rially phosphorus

and Andersson. 1992:

Eriksson et al., 19(3). Direct smot.herin2' bv filamentcus aIg.3!? probab1v
w .1 "..."... J

caused the demise of the livenmrt Solenostom3 trlsts in Loch Fleet duriT:2'

1988. Furthermore. the apparent decline in Lobelia abundance that ye3~

(Table 3) could also have been due to reduced photosynthetic activity

caused by the shading effect of the algae becBuse Lobelia grovlth is knn~r:n

to be particularly sensitive to the presence of epiphytic algae (Lazarek.

1986) .

It is clear from the sudden proliferation of filamentous green algae in

1988. that the Loch Fleet ecosystem was still unstable 30 months after

catchment liming. Longer-term floristic changes will depend upon numerous

factors including water chemi . nutrient availBbility water

transparency. competition and grazin3' pressure. This will denend to Cl

large extent on the long term suitability of the loch to

sustainable trout fishery and consequent.ly any catch~ent

reqUired to maintain suitable water quali This study has prOVided a

descriptive, semi-quantitative baseline suitable for assessing 1

changes in the macrophyte community. It vlOuld be worthwhile to continue

this study and relate future changes to water chemistry parameters vrhioh

will be monitored as a long-term extension of the Loch Fleet protect.
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Appendix 1. The distribution of littoral macrophytes in Loch Fleet before

catchment liming.

b;,i!~ LobeHa dortmanna C Carex rostrata

L

J

Littorella unit/or.

Juncus f/uitans

• •• liverworts on rocks
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The location of random Ekman grab samples taken in Loch Fleet,

1985 - 1988. [July 1984 Ekmans taken during previous study,

(Anderson et al. 1986)J.. Bathymetric contours at 5 m intervals ..

SEPTEMBER 1985

100m
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Appendix 2 (cont). The location of Ekman grab samples taken in Loch Fleet,

1985 - 1988.

SEPTEMBER 1986

100m

.. .... ........ ..
.. ..
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SEPTEMBER 1987

100m

37
The location of random Ekman grab samples taken in Loch

Fleet, 1985 - 1988.

•
•

•
•• •• •

•
•

•
• •

•-
•
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Appendix 2 (cont). The location of random Ekman grab samples taken in Loch

Fleet, 1985 - 1988.

SEPTEMBER 1988

100m
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Appendix 3. The distribution of Molinia and Sphagnum debris recovered in

Ekman grab samples from Loch Fleet before catchment liming.

Batkymetric contours at 5 M intervals.

100m

'* Molinla debris

* Sphagnum debris
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The percentage occurrence of macropbytes recovered j n Ekman
grab samples from Loch Fleet before (1985) and after
catchment liming.

Data from random sublittoral grabs and transects Band D in
the main loch.

Water depth (m)
----_.._----~ ..~~_.-

0.0- 1. 1- 2.1- 3.1 4.1 0.0-5.0m
bcrophyte Year 1.0 2.0 3.0 4.0 5.0 Total

ALGAE

1985
BatrachosperIlluIll ' ) 1986SP(p·,

1987 10.5 1.3
19""8 5.0 0.6

1985 19.4 15.6
Filamentous green 1986 28.6 4.6

algae 1987 30.8 14,3 3.7 12.5 11. 1
1988 75.0 92.3 52.a 4.2 58.6

MOSSES

1ge,5
AIllblystegium 19<56 9,1 2.3

serpens 19137 2,0 1.9 4.3 12.5 2.6
1988 5.8 17,0 25,0 11. 5

190,5
Brvum sp. 19136

(pall ens? 1987
1988 <1.6)" - <0. {D'

1985
Drepanocladus 1986 5.0 1.1

f1 ui tans 1987 2.0 7.4 4.3 12,5 4.6
1988 7. r;' 11,3 12.5 8.3I

1985
Fontinalis 1986

antipyreti ca 1987
1988 1.9 0.6

1985
PolytrichuIll sp, 1986 4.5 1.1

(commu ne? ) 1987
1988 1.9 0.6
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Vater depth (m)

0.0- 1.1- 2.1- 3.1- 4.1­
1.0 2.0 3.0 4.0 5.0

0.0-5.0111
Total

1985 12.9 74.4 93.8 64.3 14.3 54.2
Sphagnum 1986 7.1 77.3 81.8 70.0 57.5

auriculatum 1987 5.3 12.2 5.6 4.3 12.5 7.8
1988 7.7 15. 1 7.6

1985 q ? 10.3 6.3 28.6 9.3"...1. '-'

Sphagnum 1986 9.1 13.6 5.7
cuspi datum 1987 12.5 0.6

1981:,

LIVENWORTS

Ca1xpogeia
muelleriana

Cephalozia
connivens

Lophozia sp.

Scapania
undulata

SolenostoIIk."7
triste

Isoetes
ecbinosporEl

1985
1986
19137
1981',

1985
1986
1987
199B

1985
19,86
1987
1988

19B5
1986
1987
198B

1985
1986
1987
198,'3

1985
1986
1987
1988

12.9
14.3
31.6

10.5
15.0

2.0
Cl A
-j. '-..>'

2.0

4.5

1 a.I., ~

12.8
31. 8
30 6

2.0

4.5
3.7
1.9

4.5
1.9
3.8

12,5
18.2
24 1

4.2

5.0

14.3
15.0
13.0

22.2
12.5

1.1
2.0
2.5

1.1
1.3
1.3

1.1

1.1

0.6

12.1
20.7
24.8

2.0
1.9
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Vater depth (m)

0.0- 1.1- 2.1- 3.1- 4.1­
1.0 2.0 3.0 4.0 5.0

0.0-5.0m
Total

1985 16. 1 61. 5 A? 8 7. 1 34.5"", ... f.

Isoetes 1986 35. 7 5q. 1 50. 0 15. 0 36.8
lacustris 1987 26. '3 61 ':) 38. :3 34.6

19FH3 25. 0 59. 6 43. 4 4. '") 38.2

DICOTYLEDONS

1985 29. 0 8.4
Li ttorel1 Cl 19::',6 14 ..'3 2.3

unit'lora 1987 47.4 16.3 11- 1
1988 25. 0 13.5 10.8

1985 4 .9 17.9 18.7
Lobel ia 1();% 57. 1 4.0 10.3

dortmanna 1987 52.6 18.4 1.9 1:1. 1
198B 45.0 13.5 10.2

1985 2.6 0.9
Utriclllaria sp. 1986 4.5 13.6 4.6

1987 5.3 20.5 11. 1 4.3 13.7
1988 5.0 34.6 24.5 20.4

MONOCOTYLEDONS

JlIncus bulboslIS
vaT. fl ui tans

Pota1l1ogeton
polygonifoli us

data from embayrnent 9.

19[35
1986
1987
19138

1985
1986
1987
1988

2.6
14.3
36.8122
15.0 '3 B

C3.6)* -

1.9

0.9
2.3
8.5
3.8

(0.6)

lfumber of Ekman 1985 31 39 16 14 7 107
grab samples 1986 14 22 22 20 9 8'7

Cn) 1987 19 49 54 23 8 153
1988 20 52 53 24 8 15'7

~_~_ .•~_~__h·~~,,~·"~~
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