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In vertebrates, intraocular pressure (IOP) is required to maintain the eye into a shape allowing it to function as an optical instrument. It is sustained by the balance between the production of aqueous humour by the ciliary body and the resistance to its outflow from the eye.
Dysregulation of the IOP is often pathological to vision. High IOP may lead to glaucoma,
which is in man the second most prevalent cause of blindness. Here, we examine the importance of the IOP and rate of formation of aqueous humour in the development of vertebrate
eyes by performing allometric and scaling analyses of the forces acting on the eye during
head movement and the energy demands of the cornea, and testing the predictions of the
models against a list of measurements in vertebrates collated through a systematic review.
We show that the IOP has a weak dependence on body mass, and that in order to maintain
the focal length of the eye, it needs to be an order of magnitude greater than the pressure
drop across the eye resulting from gravity or head movement. This constitutes an evolutionary constraint that is common to all vertebrates. In animals with cornea-based optics, this
constraint also represents a condition to maintain visual acuity. Estimated IOPs were found
to increase with the evolution of terrestrial animals. The rate of formation of aqueous
humour was found to be adjusted to the metabolic requirements of the cornea, scaling as
0:67
Vac
, where Vac is the volume of the anterior chamber. The present work highlights an interdependence between IOP and aqueous ﬂow rate crucial to ocular function that must be considered to understand the evolution of the dioptric apparatus. It should also be taken into
consideration in the prevention and treatment of glaucoma.
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Introduction
Sight has been a key selective advantage in the evolution of species. The most elementary eyes
evolved in early organisms more than 600 million years ago [1]. They involve at least one photoreceptor in the vicinity of shading pigment, and only allow for light detection [2]. More
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Fig 1. Schematic diagrams of a human eye (A) and the conventional aqueous flow pathway (B). The human eye (A), which is fairly representative of
the vertebrate eye, is composed of concentric layers of tissue enclosing a fluid filled chamber. Light is scattered towards the back of the eye by the cornea
and lens. Phototransduction is carried out in the retina. Most of the light is focused on an area centralis, which here coincides with the fovea. The intraocular
pressure is maintained by the equilibrium between the formation of aqueous humour and the resistance to its outflow from the eye. Produced by the ciliary
body, the aqueous humour flows around the iris into the anterior chamber and is drained through the trabecular meshwork and Schlemm’s canal (B).
doi:10.1371/journal.pone.0151490.g001

complex image-forming eyes evolved during the Cambrian explosion, around 540 million
years ago [1]. They include an additional refractive element in front of the photoreceptor layer,
which allow for increased light collection and enhanced optical performance [3]. While eyes
fundamentally provide the same information about light intensity and wavelength [4], they
occur in a variety of designs, shapes and sizes across animal phyla [3–5]. Morphological evidence suggests that eyes are polyphyletic and have evolved independently at least 40 times [6].
However, this is challenged by molecular experiments [7]. To date, the evolution of eyes
remains largely subject to uncertainty [1, 3, 4].
Some of the most complex eyes are found among vertebrates. Vertebrate eyes are formed by
concentric layers of tissue enclosing a fluid filled chamber (Fig 1A). Anteriorly, the dioptric
apparatus responsible for scattering and directing light towards the photoreceptors is composed of the cornea and an epithelial lens [8]. The relative refractive power of the cornea and
lens varies across vertebrates. In man, the cornea constitutes the main refractive element of the
eye, while the lens (along with aqueous and vitreous humours) accounts for close to a third of
the eye’s refractive power. It also contributes to accommodation for fine focusing [6]. In addition to its refractive function, the cornea can act as a protection for the eye, a light filter or a
nutritive device [9–11].
In order to be used as optical instruments, it is crucial that vertebrate eyes remain turgid. This
is achieved through the application of an intraocular pressure (IOP) on the internal surface of
the eye cup. In man and various other vertebrates, the maintenance of an appropriate IOP is also
important to preserve the curvature of the cornea, and therefore to retain visual accuracy [12]. In
all vertebrates, the IOP is maintained by the equilibrium between the rate of formation of aqueous humour and the resistance to its drainage. Aqueous humour is produced by the ciliary body.
It then flows around the iris to the trabecular meshwork and Schlemm’s canal (for primates) or
angular aqueous plexus (for non-primates) (Fig 1B) [13]. The aqueous humour acts as a blood
surrogate to the avascular cornea and lens, providing nutrition, regulating homeostasis and
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clearing metabolic wastes. As a result, in addition to maintaining the IOP, the inflow and outflow
of aqueous humour are crucial to maintain a turnover rate sufficient to support the metabolic
requirements of the dioptric apparatus [14]. In man, the trabecular meshwork and Schlemm’s
canal form most of the entire resistance to aqueous humour outflow from the eye [14, 15].
Even though the set of elements composing the eye are common to all vertebrates, significant structural variations are observed across species. These variations are likely to be the result
of an adaptation to differences in habitat or function rather than expressions of phylogenetic
evolution [8]. Physical constraints common to all vertebrates are also likely to have played an
important role in the formation of the ocular system of each species; however, they remain
largely unexplored. Allometric and scaling analyses allow for the identification of such constraints, having for instance been used to predict the relationship between metabolic rate and
body mass [16–20], between physiological rates, body size and life history traits [21] and
between habitat loss and biodiversity [22]. In the eye, they have so far largely been limited to
anatomical characteristics [23–26].
The relationship between IOP and the structure of the vertebrate eye has so far seen little
investigation. It has been suggested that the IOP may be one of the factors regulating ocular
growth at least in young mammals and birds [27, 28]. The aim of the present work is to examine the importance of the IOP and rate of formation of aqueous humour in the development of
vertebrate eyes and to identify evolutionary constraints that are common to all vertebrates. In
addition to underlining functional constraints that have shaped the vertebrate eye, the present
work is important to build a better understanding of the dynamics of the IOP and aqueous
humour flow rate. Dysregulation of the IOP is often pathological to ocular function. High IOP
may cause damage to the optic nerve and lead to glaucoma, which is in man the second leading
cause of blindness [29, 30]. In the present study, a series of models and scaling laws based on
the functional importance of the dioptric apparatus are developed, and predictions from the
model are compared with a dataset obtained through a systematic review.

Analysis
Relation between IOP and aqueous humour formation rate
The conventional aqueous flow pathway, represented in Fig 1B, includes an inflow at the ciliary
body and an outflow through the trabecular meshwork and Schlemm’s canal or the angular
aqueous plexus. Most of the aqueous humour ultimately leaves the eye through the episcleral
vein. A small portion of the aqueous humour may enter the sclera and ultimately leave the eye
either through the supraciliary space or the choroidal circulation. This outflow is commonly
referred to as uveo-scleral outflow [31]. The steady balance between inflow and outflow of
aqueous humour is described by Goldmann’s equation. By denoting P the intraocular pressure
(the notations used in this analysis are listed in Table 1), the rate of formation of aqueous
humour Q satisfies
Q ¼ KðP  Pev Þ þ Fu ;

ð1Þ

where K is a bulk permeability, Pev is the episcleral venous pressure and Fu represents the uveoscleral outﬂow, which is taken to be insensitive to pressure variations [32, 33].

Scaling analysis
Variations in the focal length of the eye and corneal curvature during head movement.
In the course of head movement, the eye is subject to a force that exerts a pressure on it and
slightly distorts it. The IOP plays an important role in ensuring that the corneal curvature, here
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Table 1. List of notations used in the scaling and statistical analyses.
Parameter

Notation

Intraocular pressure

Π

Π

Estimated Intraocular pressure
Aqueous humour ﬂow rate

Q

Episcleral venous pressure

Pev

Ocular focal length

f

Radius of curvature of the cornea

R

Density of water

ρ

Density of the body of an animal

ρb

Acceleration

a

Volume of the anterior chamber

Vac

Body mass

M

Time scale

T

Characteristic size

L

Characteristic speed

U

Flux of mechanical energy per unit area

H

doi:10.1371/journal.pone.0151490.t001

denoted R, and the focal length of the eye, here denoted f, remain relatively constant under this
force. The focal length of the eye is largely related to the radius of curvature of the cornea R.
The pressure change over the height or length of the eye due to acceleration scales as ρaR,
where ρ is the density of water and a is the acceleration of the eye. The ratio of this pressure difference due to the IOP is ρaR/P. When the radius of curvature of the cornea changes by X, f
changes by a comparable amount. The presence of a vertical or horizontal pressure difference
therefore causes the curvature of the cornea to change by a ratio
X=R  raR=P:

ð2Þ

Maintenance of the focal length of the eye and corneal curvature during movement.
The focal length of the eye is impaired if it changes by a distance that scales with the size of the
focal region. The size of the focal region Ifocal scales with the size of the eye, and satisfies
Df < Ifocal  lR;

ð3Þ

where λ * 1/20. Thus the IOP must be sufﬁciently large to satisfy
raR=P  X=R < l;

ð4Þ

P > raR=l:

ð5Þ

or

This shows that the IOP is essentially an order of magnitude greater than the pressure drop
across the eye due to acceleration caused by gravity or head movement.
Minimal IOP across vertebrates. Having arrived at Eq (5), the next step is to estimate how
the product aR varies across species. The size of an animal approximately scales as L * (M/ρb)1/3,
where ρb is the density of the body (typically, ρb is similar to the density of water)[34]. Associated
with the movement of an animal is a characteristic time scale T. By denoting U = L/T the characteristic speed of the movement, the power associated with animal movement is MaU, which has
dimensions ML2/T3. Mechanical energy is lost by radiation, heat flux through breathing or loss
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through the skin. Each of these losses occur over an area scaling as L2. Since the flux per unit area
of mechanical energy H is similar in most vertebrates, the power associated with animal movement balances as
ð6Þ

ML2 =T 3  L2 H:
By substituting in the value of M, we have L * T(ρb/H)1/3, which means that the speed of the
movement of an animal
U ¼ L=T  ðrb =HÞ

1=3

ð7Þ

shows a weak dependence on the size of the animal, as supported by [35]. As a result,
2

aR  ðL=TÞ  ðrb =HÞ

2=3

ð8Þ

is also weakly dependent on the size of the animal. By combining Eqs (5) and (8), we obtain a criterion that the IOP must satisfy, namely
r rb 2=3
ð9Þ
:
P>
l H
This inequality gives an estimate of the minimum value of the IOP across vertebrates. Since a
high IOP may lead to structural and functional damage to the optic nerve, the constraint would
typically be an equality constraint as it then conforms to the minimum pressure required for
keeping the focal plane in place. In man, the typical IOP may be estimated by substituting in typical values for the acceleration of the eye occurring during walking, running or just movement of
the head. Since the typical vertical acceleration of the head is 0.3−0.5 × g [36], which scales as g,
the IOP must satisfy:
P > rgRhuman =l

 ð103 kg=m3 Þ  ð10m=s2 Þ  ð0:01mÞ  20
 2000Pa ¼ 15mmHg:

This value is within the range of the IOP measured in healthy human eyes (Fig 2E).
Scaling of the rate of formation of aqueous humour. In addition to maintaining the IOP,
the formation of aqueous humour supports the metabolic requirements of the cornea and lens.
Corneas are typically formed of a few noncellular and cellular layers, for which aqueous humour
constitutes the primary supply of oxygen and glucose [37]. Compared with the cornea, the lens
has a low metabolic rate [38, 39] so that the contribution of the aqueous humour to lens metabolism is negligible. Therefore, it is expected that the rate of formation of aqueous humour is proportional to the area of the cornea. Since the area of the cornea scales as Vac2=3 , where Vac is the
volume of the anterior chamber, the aqueous humour ﬂow is expected to scale as
Q  Vac0:67 :

ð10Þ

Systematic review
The objective of the systematic review was to determine typical IOPs, rates of formation of
aqueous humour and volumes of the anterior chamber among healthy adult vertebrates.
Data sources. Searches were undertaken on PubMed, Scopus and BioOne databases from
their inception to 31st August 2015. A list of journals specialised in veterinary ophthalmology
was established and their respective databases of articles were searched manually. The terms
‘intraocular’, ‘intraocular pressure’, ‘tonometry’, ‘aqueous humour’, ‘ophthalmic examination’
and ‘ocular parameters’ were searched individually and then combined with ‘species’,
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 in amphibians. IOPs were collected through a systematic review (S1 Table and Table A in S1 File). The studies
Fig 2. Estimated intraocular pressure (Π)
the data was extracted from, the sample size N, the observed IOP and the 95% conﬁdence interval (CI) are indicated for each species.
doi:10.1371/journal.pone.0151490.g002

‘vertebrate’, ‘amphibian’, ‘bird’, ‘mammal’, ‘fish’, ‘reptile’, ‘terrestrial’ and ‘aquatic’. Reference
lists were hand-searched and citations of articles of interest were screened. Conference
abstracts were included. Additionally, a list of books on veterinary ophthalmology and comparative physiology of the eye was established and each of them was searched manually.
Inclusion criteria. Since the IOP varies significantly between juvenile and adult animals
[40–43], studies reporting IOP only for juvenile animals were excluded. If IOPs were reported
separately for juvenile and adult animals, only values for the adult group were considered.
Studies were eligible for inclusion if they reported more than one measurement, the mean and
standard deviation, 95% confidence interval (CI) or median and range of the IOP in adult animals regardless of their sex or the eye (left or right) in which the measurement was taken. Studies where the size of the sample was not reported were excluded. Studies reporting IOPs in
genetically modified animal strains were excluded. Studies reporting the rate of formation of
aqueous humour were only included if they also specified the mean volume of the anterior
chamber in the group of animals sampled. Studies designed to test the effect of pharmacological compounds on IOP and/or rate of formation of aqueous humour were excluded unless they
included an untested control group. In this case, only measurements carried out on the control
group were extracted. For each species, the typical body mass was extracted either from the
studies reporting the IOP or the rate of formation of aqueous humour or from published and
unpublished sources.
Data abstraction. Data was collected with a customised data extraction form (Tables A–E
in S1 File). In cases where median and range were reported, mean and standard deviation were
infered using published formulas [44]. Within each studies, if more than one IOP was reported
for the same group, mean and standard deviations were combined. For each species, if more
than one study reported IOPs, rate of formation of aqueous humour or volume of the anterior
chamber then the weighted mean and weighted standard deviation were computed.
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Statistical analysis and testing of predictions from the scaling analysis
Characteristics of the IOP among vertebrates. The statistical analysis was carried out
using the software R [45]. A main outcome measure of the systematic review was the raw mean
IOP in the five classes of vertebrates: amphibians, birds, fish, mammals and reptiles. IOPs in
the different classes of vertebrates were estimated by pooling the IOP in the different species
using a random-effect model [46]. Forest plots were used to visualise the IOP among the different classes of vertebrates and within the whole dataset. The I2 statistic was used to assess the
heterogeneity of the IOP within each class of vertebrate and across the whole dataset. The effect
of vertebrate classes on the heterogeneity of the IOP was investigated by including the animal
classes in the model as moderators. The significance of the effect was assessed by performing a
Wald-type χ2-test.
Weak dependence between IOP and body mass. From Eq (9), the IOP is expected to
have a weak dependence on body mass. This was tested by performing a non-parametric
hypothesis test for pairwise statistical correlation between IOP and body mass based on Kendall’s rank correlation (τ) accounting for ties [47]. Kendall’s rank correlation was computed
separately for each group of vertebrates and for the whole dataset. The rank correlation was
considered statistically significant at p  0.05.
Scaling of the rate of formation of aqueous humour. In order to test Eq (10), rates of formation of aqueous humour were fitted to a power-law of the form Q ¼ aVacb , where α and β are
two dependent variables. The error structure of the dataset was determined by calculating the
relative likelihood of multiplicative and additive errors. This was achieved by computing the
values of a second order variant of Akaike’s information criterion (AICc), which corrects for
small sample size [48, 49]. The goodness of the ﬁt was assessed by computing the coefﬁcient of
determination r2.

Results
Characteristics of the IOP among vertebrates
IOPs were extracted for 110 species of vertebrates (7 species of amphibians [50], 42 species of
birds [40, 51–66], 3 species of fish [67, 68], 48 species of mammals [41, 42, 69–119] and 10 species of reptiles [43, 120–127]). For the majority of them, only one study per species satisfied the
inclusion criteria. Among all vertebrates present in the study, the mean IOP was found to lie
between 4.89 and 32.8 mmHg (Figs 2–6). The lowest estimated IOP was found among amphib Amphibians ¼ 6.29 mmHg, Fig 2). The estimated IOPs of ﬁsh and reptiles were found to be
ians (P
 Fish = 7.93 mmHg and P
 Reptiles ¼ 10.07 mmHg (Figs 4 and 6). The estimated IOP
respectively P

 Mammals = 17.75 mmHg respec Birds = 14.94 and P
among birds and mammals were the largest (P
tively) (Figs 3 and 5). The characteristics of the IOP in each class of vertebrates are summarised
in Fig 7.
A high level of heterogeneity was found in all classes of vertebrates (I2 > 95%, with I2 =
99.70% across vertebrates) apart from amphibians. Including the different classes of vertebrates
as moderators to the model accounted for 33.76% of the heterogeneity in effect (p < 0.001).

Dependence of the IOP to body mass
Among the species present in the study the typical body mass varied over 6 orders of magnitude (from Plains Spadefoot Toad to Rhinoceros) while the typical mean IOP was found to lie
between 4.89 and 32.8 mmHg (Fig 8). The rank correlation between IOP and body mass was
found to be weak in birds and mammals (τ = 0.26, p = 0.015 and τ = 0.12, p = 0.23 respectively)
and moderate in reptiles (τ = 0.39, p = 0.39); however, the effect was statistically significant in
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 in birds. IOPs were collected through a systematic review (S2 Table and Table B in S1 File). The studies the
Fig 3. Estimated intraocular pressure (Π)
data was extracted from, the sample size N, the observed IOP and the 95% conﬁdence interval (CI) are indicated for each species.
doi:10.1371/journal.pone.0151490.g003

birds only (Table 2). In amphibians, IOP and body mass were found to be strongly negatively
correlated (τ = −0.62); however, the effect was not statistically significant (p = 0.085). For all
vertebrates, a weak statistical dependence between the IOP and body mass was found (τ =
0.296, p < 0.001). This is in agreement with Eq (9), which shows that the IOP has a weak
dependence on body mass among vertebrates.

Scaling of the aqueous humour flow rate
Nine studies satisfied the inclusion criteria of the systematic review. Apart from human where
two studies were used, the mean rate of formation of aqueous humour and the mean volume of
the anterior chamber were extracted in only one study per species (Table 3). Since there was
similar support for additive normal and multiplicative log-normal error structures (AICc =
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 in ﬁsh. IOPs were collected through a systematic review (S3 Table and Table C in S1 File). The studies the data
Fig 4. Estimated intraocular pressure (Π)
was extracted from, the sample size N, the observed IOP and the 95% conﬁdence interval (CI) are indicated for each species.
doi:10.1371/journal.pone.0151490.g004

9.59 and 8.50 respectively), the value of the dependent variables α and β were obtained through
model averaging [49]. This yielded α = 0.064 (95% CI [0.046,0.26]) and β = 0.67 (95% CI
[0.41,0.73]), which is in support of Eq (10). The fit is plotted on a logarithmic scale in Fig 9.

Discussion
In this paper, a scaling analysis of the IOP and the rate of formation of aqueous humour were
carried out in order to identify evolutionary constraints common to all vertebrate eyes and further the understanding of the physiology of the dioptric apparatus. Predictions from the scaling
analysis were tested using IOPs and rates of formation of aqueous humour from a pool of vertebrates collected through a systematic review. It was shown that in order to maintain the focal
length of the eye and the curvature of the cornea during head or body movement, the IOP
needs to be an order of magnitude greater than the pressure drop across the eye that results
from movement. An estimate of the minimal value of the IOP among vertebrate was determined, and it was shown that the IOP is weakly dependent on body mass. An allometric analysis of the rate of formation of aqueous humour showed that it scaled to Vac0:67 . This was in good
agreement with data collected through the systematic review.

Quality of the data collected through systematic review
The analysis carried out in the present work constitutes the first attempt at characterising variations in the IOP and aqueous flow rate among vertebrates. One limitation pertains to the quality
and consistency of the data collected from the literature, which is contingent on the methods
used to make measurements. In most studies the IOP was assessed using commercially available
tonometers, which vary by the type of tonometry that they are based on and their respective
readings. Rebound tonometry was proven to provide significantly different measurements when
compared to applanation tonometry [58, 127]. Statistically significant differences in readings
from two of the most commonly used tonometers (TonoVet1 and TonoPen XL1) have also
been reported [55, 56, 60]. Furthermore, some tonometers require an animal-specific calibration
from the manufacturer, which may not be available at the time of measurement. Since the
method used to measure the IOP is likely to be affected by the size of the eye and the thickness
and curvature of the cornea [131], this may lead to incorrect measurements.
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 in mammals. IOPs were collected through a systematic review (S4 Table and Table D in S1 File). The studies
Fig 5. Estimated intraocular pressure (Π)
the data was extracted from, the sample size N, the observed IOP and the 95% conﬁdence interval (CI) are indicated for each species.
doi:10.1371/journal.pone.0151490.g005

The aim of the systematic review was to collect typical IOPs for healthy adult species of vertebrates; therefore, some aspects of the variations in IOP within each group of vertebrates were
not included in the study. While in healthy animals the IOP is generally not significantly different in the left and right eye [40, 41, 43, 53, 56–59, 64–66, 69, 74–76, 79, 85, 88, 91, 92, 98, 103,
111, 114, 114, 117, 122–127, 132] or in males and females [41, 43, 56, 58, 63, 65, 69, 74, 75, 79,
85, 88, 91, 92, 103, 114, 121–124, 126, 132, 133], it has been found to change with position in
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 in reptiles. IOPs were collected through a systematic review (S5 Table and Table E in S1 File). The studies the
Fig 6. Estimated intraocular pressure (Π)
data was extracted from, the sample size N, the observed IOP and the 95% conﬁdence interval (CI) are indicated for each species.
doi:10.1371/journal.pone.0151490.g006

 across vertebrates. IOPs were collected through a systematic review (S1–S5 Tables and Tables A–E in S1
Fig 7. Estimated intraocular pressure (Π)
File). The number of species included in the study, the estimated IOP and the 95% conﬁdence interval (CI) are indicated for each class of vertebrates.
doi:10.1371/journal.pone.0151490.g007
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Fig 8. Log-log plot representing the evolution of the IOP (Π) with typical body mass in vertebrates. The IOP was found to correlate weakly with body
mass across all vertebrates (τ = 0.296, p < 0.001).
doi:10.1371/journal.pone.0151490.g008

flamingos and bats. [59, 60, 114]. These variations are also present in man, and have been associated with changes in episcleral pressure [134, 135]. The IOP was also found to change with
age in some species [41, 56, 63]. While no statistical correlation between IOP and body weight
was found in raptors [53], Long-Eared Hedgehog [88] and juvenile Yacare Caiman [133], a
moderate statistically significant negative correlation was found in Gulf-Coast Box Turtles and
Three-Toed Turtles [125].
Measurements of the rate of formation of aqueous humour are sparse as compared to the
IOP, and are mostly restricted to laboratory animals. This is not surprising as it involves
Table 2. Kendall’s rank correlation (τ) and 2-sided p-value for IOP and body mass among vertebrates.
Kendall’s rank correlation could not be computed for fish because typical IOPs were found in three species
only.

Amphibians

τ

2-sided p-value

-0.62

0.085

Birds

0.263

0.015

Fish

–

–

Mammals

0.12

0.23

Reptiles

0.389

0.18

All vertebrates

0.296

5.36 ×10−6

doi:10.1371/journal.pone.0151490.t002
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Table 3. Means of the rate of formation of aqueous humour (Q) and the volume of the anterior chamber (Vac) with respective standard deviations in
various vertebrates. The systematic review yielded measurements of Q and Vac in eight species only, all of them mammals. Only one study per species
(apart from human) satisfied the inclusion criteria.
Sample size
(eyes)

Mean Q (μl.
min−1)

Standard Deviation
(μl.min−1)

Mean
Vac(μl)

Standard
Deviation (μl)

Species

Common name

Sources

Aotus trivirgatus

Owl Monkey

[128]

16

2.75

0.46

317

67

Felis Catus

Cat

[81]

15

3.98

0.05

479

n.i.

Homo sapiens
sapiens

Human

[89, 90]

154

2.08

0.009

183.36

84.21

Macaca
fascicularis

Cynomolgus Monkey

[129]

7

1.6

3.66

74

n.i.

Macaca mulatta

Rhesus Macaque

[97]

24

1.68

0.02

144.54

12.82

Mus musculus

Mouse (Swiss White)

[100]

8

0.18

0.05

5.9

0.5

Oryctolagus
cuniculus

Rabbit (New Zealand
White)

[130]

4

2.25

0.56

250

n.i.

Rattus norvegicus

Rat (Lewis)

[116]

10

0.35

0.11

15.65

3.3

doi:10.1371/journal.pone.0151490.t003

Fig 9. Log-Log plot representing the evolution of the rate of formation of aqueous humour (Q) with the volume of the anterior chamber (Vac) in
various vertebrates. A fit (plain line) was obtained through model averaging. The rate of formation of aqueous humour was found to scale as Q  V 0:67
ac ,
which is in agreement with scaling Eq (10).
doi:10.1371/journal.pone.0151490.g009

PLOS ONE | DOI:10.1371/journal.pone.0151490 March 18, 2016

13 / 25

Allometry of the Intraocular Pressure and Aqueous Humour Flow Rate

measuring the flushing rate of a dye from the eye, and therefore requires prolonged and sometimes difficult animal handling. The number of values used in the present analysis could have
been increased by including studies that did not report the mean volume of the anterior chamber in the group of animals where aqueous humour flow rate was measured. However, this
inclusion criteria was important as the volume of the anterior chamber varies greatly not only
between animals, but also between genetically modified strains of the same species [136].
Since the evaluation of the IOP is used to diagnose glaucoma in animals, the data collected
in the present study is of important value to veterinary ophthalmologists. Although in man the
IOP is routinely measured in the clinics, its evaluation in animals is not systematic. Reference
IOPs have yet to be produced for several species, and it is often necessary to compare measurements in an animal to other species from a similar group to diagnose pathologies.

Limitations of the statistical analysis
The statistical analysis of the data collected through the systematic review was carried out to
support the scaling analysis, which formulated fundamental functional constraints applicable
to all vertebrates. A limitation of the statistical analysis pertains to the small number of values
found for amphibians, fish and reptiles as compared to birds and mammals. More measurements over a broader range of animals would make the estimated IOPs more representative
within each animal group. This is particularly true of fish as only three species were present in
the study.
An underlying assumption of the statistical analysis used to test Eqs (9) and (10) is that the
IOP, the body weight, the rate of formation of aqueous humour and the volume of the anterior
chamber in each species are independent. This assumption is challenged by the fact that species
share an evolutionary history [137]. Despite being a non-parametric test [138], the significance
of Kendall’s rank correlation may be affected by the phylogenetic relationship that animals
share. The regression between rate of formation of aqueous humour and volume of the anterior
chamber assumes that both variables follow a bivariate distribution, which may not be realistic
in the context of evolution.
The fact that the IOP of closely related vertebrates such as Impalas and Thompson’s gazelle
(Antilopinae subfamily, both IOPs below 8mmHg), Scimitar-Horned Oryx and the Wildebeest
(Hioppotraginae subfamily, both IOPs close to 15 mmHg) and Horse and Zebra (Equidae family, both IOPs above 24 mmHg) lies within a similar range has led some to hypothesise that the
IOP has phylogenetical similarities. However, the IOP of the closely related Llama and Alpacas
(Camelidae family) and Scimitar-Horned Oryx and Arabian Oryx lie within different ranges
[69]. Furthermore, the IOP among genetically modified strains of zebrafish vary by an order of
magnitude [139], while significant differences in the volume of the anterior chamber have been
observed in two genetically modified mice [136]. While the present work offers valuable functional explanations for some aspects of the shape of the vertebrate, future statistical analysis
taking into account the phylogeny of species of vertebrates [140] would further strengthen our
conclusions and clarify the phylogenetic component of the IOP.

Evolutionary constraints associated with the IOP
The present analysis shows that the value of the IOP needs to be adjusted in order to maintain
the focal length of the eye during movement. This constitutes an evolutionary constraint that
applies to all vertebrates. As such, it has played an important role in shaping the structure of
vertebrate eye in all the ecosystems that it adapted to. To the best of our knowledge, this evolutionary constraints has never been emphasised before.
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In most terrestrial species, the cornea constitutes the main refractive element of the eye. The
light scattered and directed towards the retina by the dioptric apparatus needs to be focused on
the focal region of the eye for clear vision [6]. In many species, this focal region coincides with
an area of the retina having distinctive anatomical characteristics such as the highest concentration of cones. This area takes various shapes in different animals, forming either a “bandlike” area called a visual streak or a circular area called area centralis (some birds have two area
centralis, one of them located in the periphery of the eye for improved peripheral vision) [141].
In man, the area centralis, highlighted in Fig 1A, coincides with the fovea, and is about 200–
400 μm in diameter [142].
In species relying predominantly on the cornea to control the focusing of light onto the
focal region (typically in terrestrial species), scalings Eqs (5) and (9) represent conditions that
must be satisfied in order to maintain visual accuracy, and therefore constitute a second evolutionary constraint associated with the IOP. It is important to stress that this constraint is contingent on the relative importance of the lens in vision, which varies among animals. Even
though in species with lens-based optics (such as fish) the effectiveness of the dioptric apparatus requires the maintenance of the focal length of the eye, clear vision is mostly determined by
the design of the lens [6, 8, 143].

Evolutionary constraints associated with aqueous humour flow
The rate of formation of aqueous humour was expected to scale as Vac0:67 . This was found to be
in good agreement with data extracted from the literature. Controversy remains over the accuracy and fundamental basis of metabolic scaling laws. Kleiber’s law suggests that basal metabolic rate scales to M3/4, where M is the body mass [16, 17]. Although it has shown good
agreement in many studies [19, 144], some have argued that the basal metabolic rate rather
scales to M2/3[18, 20, 145]. Others have suggested that the relationship between mass and metabolic rate is not a pure power law [146]. Perhaps remarkably, the metabolic supply to the dioptric apparatus does not have the same fractal-based supply limitations that have been proposed
as an explanation for general physiological scaling [147]. The scaling of the aqueous humour
ﬂow rate to the metabolic requirement of the cornea suggests that alternative structural constraints are at play in the maintenance of the dioptric apparatus.
In the context of the evolution of the vertebrate eye, given the importance of aqueous
humour dynamics in the maintenance of the IOP, scaling Eq (10) points towards a fine tuning
between the volume of the anterior chamber, the surface area of the cornea and the turnover
rate and resistance to outflow of aqueous humour. This constitutes a fundamental evolutionary
constraint that is likely to have shaped the dioptric apparatus in all vertebrates. The present
work shows that variations in the surface area of the cornea, which may arise from functional
adaptations to certain ecosystems, require modifications of the rate of formation of aqueous
humour (which may affect the structure of the ciliary body) and therefore possibly of the anatomy and physiology of the trabecular meshwork and Schlemm’s canal/angular aqueous plexus.
It may also necessitate adjustments of other structures of the eye to possible changes in the IOP.
More measurements in a wider range of vertebrates would provide additional support for the
analysis carried out here and further the understanding of the tuning between IOP, Q and Vac.

IOP in the evolution of the vertebrate eye
From the aspect of the structure of the eye, vertebrates can be divided into three different great
groups: the ichthyopsida composed of fish and amphibians, the sauropsida formed by reptiles
and birds and the mammalia. The vertebrate eye initially evolved for vision in shallow water. It
has over time adapted itself for vision in a wide range of habitats, from the abyss and deep sea
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Fig 10. Simplified phylogenic tree of the vertebrate family (A) and estimated IOP within each group (B). The diagram was not plotted to scale. The
sample size N and the 95% confidence interval (CI) is indicated for each group. The estimated IOP appears to have increased with the evolution of terrestrial
animals.
doi:10.1371/journal.pone.0151490.g010

to the air [8]. Measurements collected from the literature suggests that the IOP increased with
the evolution of terrestrial vertebrates. The estimated IOP was indeed found to be smaller in
amphibians and reptiles as compared to birds and mammals (Fig 10). The analysis carried out
here shows that this rise is only weakly related to changes in the average body mass of animals.
It could be a consequence of the transition from lens-based to cornea-based optics, which
accompanied the evolution of terrestrial life and is likely to have been associated with a weakening of the power of the lens as compared to the cornea [6]. This transition may have
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necessitated an overall increase in the radius of curvature of the cornea (scaling Eq 5), which
from our analysis would explain this increase in the average IOP.

Specialisation and habitat/ecosystem
The evolution of the vertebrate eye has occurred along separate lines and has been largely determined by the ecosystems in which animals have developed. The eyes of amphibians share a
number of characteristics with fish eyes, but also show many terrestrial adaptations. The eyes of
reptiles and birds are completely adapted to aerial vision. The mammalian eye has evolved from
a primitive reptilian source and adapted itself to almost every ecosystem, including a return to
aquatic vision [6, 8]. For instance, specific adjustments of the eye for water and air vision have
been found in penguins [148–150]. This evolution along separate lines is somehow visible when
examining the IOP within each animal group. The IOP of aquatic birds and mammals is for
instance closer to the IOP of respectively non-aquatic birds and mammals than it is to fish. This
points towards an adaptation of the bird and mammalian eye to aquatic ecosystems while preserving some of their respective features. It is also in support of the idea that an evolution along
separate lines produced different eye structures suitable to the same ecosystem or habitat [6, 8].
The high heterogeneity in IOP observed among vertebrates suggests that it is weakly dependent of the environment in which each species has evolved. This is explained by the fact that
the evolutionary constraint, namely that the IOP is required to overcome deformation due to
head movement, is essentially the same in every ecosystem or habitat. However, specialisation
of the visual function in certain ecosystems may have necessitated further adaptation of the
IOP. The data collected in the present analysis suggests that the IOP is for instance higher in
animals adapted to saltwater as compared to animals adapted to freshwater (Fig 11). The eye of
seawater animals may have to withstand higher changes in pressure resulting from deep diving,
which would in the light of the present analysis explain why their IOP is comparatively higher.
This difference could also be caused by losses of water ocurring on the surface of the cornea of
sea animals [143], which could be compensated for by increasing the rate of formation of aqueous humour. From Goldmann’s Eq (1), at equivalent episcleral venous pressure and bulk permeability, this would require an increase of the IOP.
The variations in IOP within each vertebrate group may also be partly explained by the existence of visual mechanisms (specific to some animals) that necessitate alterations of the IOP.
In cetaceans, it has been hypothesised that accommodation is achieved by axial displacement
of the lens resulting from changes in the IOP [151], which may explain the comparatively
larger IOP observed in aquatic mammals as compared to other mammals. In arctic reindeers,
the IOP, which was found to be significantly larger in winter than in summer, plays an important role in the changes in visual function associated with the adaptation to continuous summer light and continuous winter darkness [152]. The present work will hopefully pave the way
to further analysis of these types of adaptations.

Relevance for other sensory organs
The evolutionary constraints on the eye are likely to be similar to that of other closely related sensory organs, such as the semicircular canals of the inner ear. The inner ear senses unsteady movement by the deflection of hairs on the inside of the semicircular canals. In the same way that IOP
is independent of the mass of the animal, the size of the semicircular canals of jawed vertebrates
or gnathostomes are also independent of mass [35]. Various complex constraints and models
have been proposed in the past to estimate the size of the inner ear and relative independence to
M. The simplest explanation is that it senses the movement of velocity of the head which scales
as L/T, which as was shown in the present work is weakly dependent on the mass of the animal.
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Fig 11. Observed IOP in vertebrates adapted to aquatic vision. The IOP appears to be lower in aquatic animals adapted to freshwater as compared to
seawater. However, the group of animals adapted to saltwater is here limited to mammals. Among all the species adapted to fresh and saltwater the residual
heterogeneity is I2 = 90.09%. Including saltwater and freshwater adaptations to the model as moderators accounts for 88.95% of the heterogeneity in effect.
doi:10.1371/journal.pone.0151490.g011

Conclusion
Using scaling and allometric analyses, the present work has highlighted fundamental evolutionary constraints in the development of the vertebrate eye, and further characterised the
interdependence between the rate of formation of the aqueous humour, the metabolic requirements of the dioptric apparatus and the IOP. Importantly, the present study shows that animals need to be carefully selected when developing animal models for eye pathologies such as
glaucoma. Even though the IOP lies within a range similar to all vertebrates, the rate of formation of aqueous humour is specific to each animal and changes between species. Given the
interdependence between IOP and aqueous flow rate, it is essential to develop animal models
having physiological characteristics similar to humans.

Supporting Information
S1 Table. Mean IOP, standard deviation and typical body mass of amphibians extracted
through the systematic review.
(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0151490 March 18, 2016

18 / 25

Allometry of the Intraocular Pressure and Aqueous Humour Flow Rate

S2 Table. Mean IOP, standard deviation and typical body mass of birds extracted through
the systematic review.
(PDF)
S3 Table. Mean IOP, standard deviation and typical body mass of fish extracted through
the systematic review.
(PDF)
S4 Table. Mean IOP, standard deviation and typical body mass of mammals extracted
through the systematic review.
(PDF)
S5 Table. Mean IOP, standard deviation and typical body mass of reptiles extracted
through the systematic review.
(PDF)
S1 File. Raw IOP Data. This file contains the mean IOP, standard deviation, sample size and
type of tonometry used for the studies that satisfied the inclusion criteria.
(PDF)

Author Contributions
Conceived and designed the experiments: MAZ IE AS. Performed the experiments: MAZ IE
AS. Analyzed the data: MAZ IE AS. Contributed reagents/materials/analysis tools: MAZ IE AS.
Wrote the paper: MAZ IE AS.

References
1.

Lamb TD, Collin SP, Pugh EN. Evolution of the vertebrate eye: opsins, photoreceptors, retina and eye
cup. Nat Rev Neurosci. 2007; 8(12):960–976. doi: 10.1038/nrn2283 PMID: 18026166

2.

Arendt D, Wittbrodt J. Reconstructing the eyes of Urbilateria. Phil Trans R Soc Lond B. 2001;
356:1545–1563. doi: 10.1098/rstb.2001.0971

3.

Jonasova K, Kozmik Z. Eye evolution: Lens and cornea as an upgrade of animal visual system.
Semin Cell Dev Biol. 2008; 19(2):71–81. doi: 10.1016/j.semcdb.2007.10.005 PMID: 18035562

4.

Fernald RD. Evolution of eyes. Curr Opin Neurol. 2000; 10:444–450. doi: 10.1016/S0959-4388(00)
00114-8

5.

Land MF, Nilsson DE. Animal Eyes. Oxford University Press; 2002.

6.

Land MF, Fernald RD. The evolution of eyes. Annu Rev Neurosci. 1992; 15:1–29. doi: 10.1146/
annurev.ne.15.030192.000245 PMID: 1575438

7.

Gehring WJ. Pax 6 mastering eye morphogenesis and eye evolution. Trends Genet. 1999; 15:371–
377. doi: 10.1016/S0168-9525(99)01776-X PMID: 10461206

8.

Duke-Elder S. Systems of Ophthalmology. vol. 1. The eye in Evolution. St. Louis: The C. V. Mosby
Company; 1958.

9.

Heinermann PH. Yellow intraocular filters in fishes. Exp Biol. 1984; 43(2):127–147. PMID: 6398222

10.

Ringvold A. Corneal epithelium and UV-protection of the eye. Acta Ophthalmol Scand. 1998; 76:149–
153. doi: 10.1034/j.1600-0420.1998.760205.x PMID: 9591943

11.

Colling HB, Collin SP. The corneal surface of aquatic vertebrates: microstructures with optical and
nutritional function? Phil Trans R Soc Lond B. 2000; 355:1171–1176.

12.

Smythe RH. Veterinary Ophthalmology. London: Baillière Tinday and Cox; 1956.

13.

Duke-Elder S. Systems of Ophthalmology. vol. IV. The Physiology of the Eye and of Vision. St. Louis:
The C. V. Mosby Company; 1958.

14.

The Eye’s Aqueous Humor. 2nd ed. Salt Lake City: Academic Press; 2008.

15.

Shield’s Textbook of Glaucoma. 5th ed. Philadelphia: Lippincott Williams & Wilkins; 2008.

16.

Kleiber M. Body size and metabolism. Hilgardia. 1932; 6(11):315–353. doi: 10.3733/hilg.v06n11p315

17.

Kleiber M. Body size and metabolic rate. Physiol Rev. 1947; 27(4):511–541. PMID: 20267758

PLOS ONE | DOI:10.1371/journal.pone.0151490 March 18, 2016

19 / 25

Allometry of the Intraocular Pressure and Aqueous Humour Flow Rate

18.

Heusner AA. Energy metabolism and body size I. Is the 0.75 mass exponent of Kleiber’s equation a
statistical artefact? Respir Physiol. 1982; 48:1–12. doi: 10.1016/0034-5687(82)90046-9 PMID:
7111915

19.

Feldman HA, McMahon TA. The 3/4 mass exponent for energy metabolism is not a statistical artefact.
Respir Physiol. 1983; 52:149–163. doi: 10.1016/0034-5687(83)90002-6 PMID: 6878906

20.

Dodds PS, Rothman DH, Weitz JS. Re-examination of the “3/4-law” of metabolism. J Theor Biol.
2001; 209:9–27. doi: 10.1006/jtbi.2000.2238 PMID: 11237567

21.

Brown JH, Gillooly JF, Allen AP, Savage VM, West GB. Toward a metabolic theory of ecology. Ecology. 2004; 85:1771–1789. doi: 10.1890/03-0800

22.

Brooks TM, Mittermeier RA, Mittermeier CG, Fonseca GABD, Rylands AB, Konstant WR, et al. Habitat loss and extinction in the hotspots of biodiversity. Cons Biol. 2002; 16:909–923. doi: 10.1046/j.
1523-1739.2002.00530.x

23.

de L Brooke M, Hanley S, Laughlin SB. The scaling of eye size with body mass in birds. Proc R Soc
Lond B. 1999; 266:405–412. doi: 10.1098/rspb.1999.0652

24.

Howland HC, Merola S, Basarab JR. The allometry and scaling of the size of vertebrate eyes. Vision
Res. 2004; 44:2043–65. doi: 10.1016/j.visres.2004.03.023 PMID: 15149837

25.

Burton RF. A new look at the scaling of size in mammalian eyes. J Zoo. 2006; 269(2):225–232.

26.

Burton RF. The scaling of eye size in adult birds: relationship to brain, head and body sizes. Vision
Res. 2008; 48:2345–2351. doi: 10.1016/j.visres.2008.08.001 PMID: 18761032

27.

Mann I. The development of the human eye. 3rd ed. Grune & Stratton; 1928.

28.

Pickett-Seltner RL, Sivak JG, Pasternak JJ. Experimentally induced myopia in chicks: morphometric
and biochemical analysis during the first 14 days after hatching. Vision Res. 1988; 28:323–328. doi:
10.1016/0042-6989(88)90160-5 PMID: 3414019

29.

World Health Organisation. Global Data on Visual Impairments. Geneva, World Health Organisation;
2012.

30.

Cook C, Foster P. Epidemiology of glaucoma: what’s new? Can J Ophthalmol. 2012; 47(3):223–226.
PMID: 22687296

31.

Bill A. The aqueous humor drainage mechanism in the cynomolgus monkey (macaca irus) with evidence for unconventional routes. Invest Ophthalmol Vis Sci. 1965; 4:911–919.

32.

Goldmann HA. Minute Volume und Widerstand der Kammerwasserstromung des Menschen. Doc
Ophthalmol. 1951; 5–6:278–356.

33.

Brubaker RF. Goldmann’s equation and clinical measures of aqueous dynamics. Exp Eye Res. 2004;
78:633–637. doi: 10.1016/j.exer.2003.07.002 PMID: 15106943

34.

Schmidt-Nielsen K. In: Scaling: Why is Animal Size so Important? Cambridge: Cambridge University
Press; 1985. p. 7–20.

35.

Cox PG, Jeffery N. Semicircular canals and agility: the influence of size and shape measures. J Anat.
2010; 216:37–47. doi: 10.1111/j.1469-7580.2009.01172.x PMID: 20002227

36.

Imai T, Moore ST, Raphan T, Cohen B. Interaction of the body, head and eyes during walking and
turning. Exp Brain Res. 2001; 136:1–18. doi: 10.1007/s002210000533 PMID: 11204402

37.

Friend J. Biochemistry of ocular surface epithelium. Int Ophthalmol Clin. 1979; 19:73–91.

38.

Zagrod ME, Whikehart DR. Cyclic nucleotides in anatomical subdivisions of the bovine lens. Curr Eye
Res. 1981; 1:49–52. doi: 10.3109/02713688109019972 PMID: 6271499

39.

Whikehart DR. Irrigating Solutions. In: Barlett JD, Jaanus SD, editors. Clinical Ocular Pharmacology.
2nd ed. Butterworth-Heinemann; 2003. p. 285–299.

40.

Reuter A, Müller K, Arndt G, Eule JC. Reference intervals for intraocular pressure measured by
rebound tonometry in ten raptor species and factors affecting the intraocular pressure. J Avian Med
Surg. 2011; 25(3):165–172. doi: 10.1647/2009-056.1 PMID: 22216716

41.

Takle GL, Suedmeyer K, Hunkeler A. Selected diagnostic ophthalmic tests in the red kangaroo
(macropus rufus). J Zoo Wildl Med. 2010; 41(2):224–233. doi: 10.1638/2009-0105R1.1 PMID:
20597213

42.

Oriá AP, Gomes Junior DC, Oliveira AVD, Curvelo VP, Estrela-Lima A, Pinna MH, et al. Selected ophthalmic diagnostic tests, bony orbit anatomy, and ocular histology in sambar deer (rusa unicolor). Vet
Ophthalmol. 2015; 18(Supplement 1):125–131. PMID: 25273613

43.

Whittaker CJG, Heatonjones TG, Kubilis PS, Smith PJ, Brooks DE, Kosarek C. Intraocular pressure
variation associated with body length in young american alligators (alligator-mississippiensis). Am J
Vet Res. 1995; 56:1380–1383. PMID: 8928958

PLOS ONE | DOI:10.1371/journal.pone.0151490 March 18, 2016

20 / 25

Allometry of the Intraocular Pressure and Aqueous Humour Flow Rate

44.

Hozo SP, Djulbegovic B, Hozo I. Estimating the mean and variance from the median, range, and the
size of a sample. BMC Med Res Methodol. 2005; 5:13. doi: 10.1186/1471-2288-5-13 PMID:
15840177

45.

Team RC. R: A Language and Environment for Statistical Computing; 2015.

46.

Viechtbauer W. Conducting meta-analyses in R with the metafor package. J Stat Softw. 2010; 36
(3):1–48. doi: 10.18637/jss.v036.i03

47.

Hipel KW, McLeod AI, editors. Time Series Modelling of Water Resources and Environmental Systems. vol. 45 of Developments in water science. Elsevier; 1994.

48.

Burnham KP, Anderson DR. Model selection and multimodel inference: a practical information-theoretic approach. New York, USA: Springer-Verlag; 2002.

49.

Xiao X, White EP, Hooten MB, Durham SL. On the use of log-transformation vs. nonlinear regression
for analyzing biological power laws. Ecology. 2011; 92(10):1887–1894. doi: 10.1890/11-0538.1
PMID: 22073779

50.

Hahn A, Gilmour MA, Payton ME, D’agostino J, Cole GA. Intraocular pressure in free-ranging anuran
species in Oklahoma. J Zoo Wildl Med. 2014; 45(3):686–689. doi: 10.1638/2013-0208R.1 PMID:
25314844

51.

Labelle AL, Whittington JK, Breaux CB, Labelle P, Mitchell MA, Zarfoss MK, et al. Clinical utility of a
complete diagnostic protocol for the ocular evaluation of free-living raptors. Vet Ophthalmol. 2012; 15
(1):5–17. doi: 10.1111/j.1463-5224.2011.00899.x PMID: 22050975

52.

Stiles J, Buyukmihci NC, Farver TB. Tonometry of normal eyes in raptors. Am J Vet Res. 1994;
55:477–479. PMID: 8017692

53.

Beckwith-Cohen B, Horowitz I, Bdolah-Abram T, Lublin A, Ofri R. Differences in ocular parameters
between diurnal and nocturnal raptors. Vet Ophthalmol. 2015; 18(Supplement 1):98–105. doi: 10.
1111/vop.12126 PMID: 24238221

54.

Barsotti G, Briganti A, Spratte JR, Ceccherelli R, Breghi G. Schirmer tear test type I readings and intraocular pressure values assessed by applanation tonometry (Tonopen XL) in normal eyes of four european species of birds of prey. Vet Ophthalmol. 2013; 16(5):365–369. doi: 10.1111/vop.12008 PMID:
23173951

55.

Jeong MB, Kim YJ, Yi NY, Park SA, Kim WT, Kim SE. Comparison of the rebound tonometer (TonoVet (R)) with the applanation tonometer (TonoPen XL (R)) in normal eurasian eagle owls (bubo bubo).
Vet Ophthalmol. 2007; 10:376–379. doi: 10.1111/j.1463-5224.2007.00573.x PMID: 17970999

56.

Bliss CD, Aquino S, Woodhouse S. Ocular findings and reference values for selected ophthalmic
diagnostic tests in the macaroni penguin (eudyptes chrysolophus) and southern rockhopper penguin
(eudyptes chrysocome). Vet Ophthalmol. 2015; 18(Supplement 1):86–93. doi: 10.1111/vop.12123
PMID: 24238103

57.

Kuhn SE, Jones MP, Hendrix DVH, Ward DA, Baine KH. Normal ocular parameters and characterization of ophthalmic lesions in a group of captive bald eagles (haliaeetus leucocephalus). J Avian Med
Surg. 2013; 27(2):90–98. doi: 10.1647/2012-032 PMID: 23971217

58.

Harris MC, Schorling JJ, Herring IP, Elvinger F, Bright PR, Pickett JP. Ophthalmic examination findings in a colony of Screech owls (megascops asio). Vet Ophthalmol. 2008; 11(3):186–192. doi: 10.
1111/j.1463-5224.2008.00618.x PMID: 18435661

59.

Molter CM, Hollingsworth SR, Kass PH, Chinnadurai SK, Wack RF. Intraocular pressure in captive
american flamingos (phoenicopterus ruber) as measured by rebound tonometry. J Zoo Wildl Med.
2014; 45(3):664–667. doi: 10.1638/2013-0123R1.1 PMID: 25314839

60.

Meekins JM, Stuckey JA, Carpenter JW, Armbrust L, Higbie C, Rankin AJ. Ophthalmic diagnostic
tests and ocular findings in a flock of captive american flamingos (phoenicopterus ruber ruber). J
Avian Med Surg. 2015; 29(2):95–105. doi: 10.1647/2014-021 PMID: 26115208

61.

Gancz AY, Malka S, Sandmeyer L, Cannon M, Smith DA, Taylor M. Horner’s syndrome in a red-bellied parrot (poicephalus rufiventris). J Avian Med Surg. 2005; 19(1):30–34. doi: 10.1647/2004-017

62.

Church ML, Barrett PM, Swenson J, Kinsella JM, Tkach VV. Outbreak of philophthalmus gralli in four
greater rheas (rhea americana). Vet Ophthalmol. 2013; 16(1):65–72. doi: 10.1111/j.1463-5224.2012.
01008.x PMID: 22429741

63.

Mercado JA, Wirtu G, Beaufrère H, Lydick D. Intraocular pressure in captive black-footed penguins
(spheniscus demersus) measured by rebound tonometry. J Avian Med Surg. 2010; 24(2):138–141.
doi: 10.1647/2009-002.1 PMID: 20806659

64.

Gonzalez-Alonso-Alegre EM, Martinez-Nevado E, Caro-Vadillo A, Rodriguez-Alvaro A. Central corneal thickness and intraocular pressure in captive black-footed penguins (spheniscus dermersus).
Vet Ophthalmol. 2015; 18(Supplement 1):94–97. doi: 10.1111/vop.12206 PMID: 25209236

PLOS ONE | DOI:10.1371/journal.pone.0151490 March 18, 2016

21 / 25

Allometry of the Intraocular Pressure and Aqueous Humour Flow Rate

65.

Swinger RL, Langan JN, Hamor R. Ocular bacterial flora, tear production, and intraocular pressure in
a captive flock of humboldt penguins (spheniscus humboldti). J Zoo Wildl Med. 2009; 40(3):430–436.
doi: 10.1638/2007-0126.1 PMID: 19746856

66.

Ghaffari MS, Sabzevari A, Vahedi H, Golezardy H. Determination of reference values for intraocular
pressure and schirmer tear test in clinically normal ostriches (struthio camelus). J Zoo Wildl Med.
2012; 43(2):229–232. doi: 10.1638/2010-0103.1 PMID: 22779224

67.

Lynch GL, Hoffman A, Blocker T. Central corneal thickness in koi fish: effects of age, sex, body length,
and corneal diameter. Vet Ophthalmol. 2007; 10(4):211–215. doi: 10.1111/j.1463-5224.2007.00538.x
PMID: 17565552

68.

Hoffert JR. Observations on ocular fluid dynamics and carbonic anhydrase in tissues of lake trout (salvelinus namaycush). Comp Biochem Physiol. 1966; 17:107–114. doi: 10.1016/0010-406X(66)90012-0
PMID: 4957297

69.

Ofri R, Raz D, Shvartsman E, Horowitz IH, Kass PH. Intraocular pressure and tear production in five
herbivorous wildlife species. Vet Rec. 2002; 151:265–268. doi: 10.1136/vr.151.9.265 PMID:
12233828

70.

Colitz CMH, Rudnick JC, Heegaard S. Bilateral ocular anomalies in a south african fur seal (arctocephalus pusillus pusillus). Vet Ophthalmol. 2014; 17(4):294–299. doi: 10.1111/vop.12100 PMID:
24283987

71.

Gum GG, Gelatt KN, Miller DN, Mackay EO. Intraocular pressure in normal dairy cattle. Vet Ophthalmol. 1998; 1:159–161. doi: 10.1046/j.1463-5224.1998.00017.x PMID: 11397225

72.

Andrade S, Kupper DS, de Pinho LFR, Franco EC, Prataviera MVFF, Duarte RR. Evaluation of the
Perkins handheld applanation tonometer in horses and cattle. J Vet Sci. 2011; 12:171–176. doi: 10.
4142/jvs.2011.12.2.171 PMID: 21586877

73.

Toris CB, Lane JT, Akagi Y, Blessing KA, Kador PF. Aqueous flow in galactose-fed dogs. Exp Eye
Res. 2006; 83:865–870. doi: 10.1016/j.exer.2006.04.005 PMID: 16797006

74.

Broadwater JJ, Schorling JJ, Herring IP, Pickett JP. Ophthalmic examination findings in adult pygmy
goats (capra hicus). Vet Ophthalmol. 2007; 10(5):269–273. doi: 10.1111/j.1463-5224.2007.00548.x
PMID: 17760703

75.

Ofri R, Horowitz IH, Kass PH. Tonometry in three herbivorous wildlife species. Vet Ophthalmol. 1998;
1(1):21–24. doi: 10.1046/j.1463-5224.1998.00004.x PMID: 11397205

76.

Cullen CL. Normal ocular features, conjunctival microflora and intraocular pressure in the canadian
beaver (castor canadensis). Vet Ophthalmol. 2003; 6(4):279–284. doi: 10.1111/j.1463-5224.2003.
00307.x PMID: 14641823

77.

Montiani-Ferreira F, Shaw G, Mattos BC, Russ HA, Vilani RGD. Reference values for selected ophthalmic diagnostic tests of the capuchin monkey (cebus apella). Vet Ophthalmol. 2008; 11(3):197–
201. doi: 10.1111/j.1463-5224.2008.00620.x PMID: 18435663

78.

Peiffer RL, Johson PT. Clinical ocular findings in a colony of chinchillas (chinchilla laniger). Lab Anim.
1980; 14:331–335. doi: 10.1258/002367780781071094 PMID: 7464022

79.

Lima L, Montiani-Ferreira F, Tramontin M, dos Santos LL, Machado M, Lange RR, et al. The chinchilla
eye: morphologic observations, echobiometric findings and reference values for selected ophthalmic
diagnostic tests. Vet Ophthalmol. 2010; 13(Supplement 1):14–25. doi: 10.1111/j.1463-5224.2010.
00785.x PMID: 20840086

80.

Ofri R, Horowitz H, Levison M, Kass PH. Intraocular pressure and tear production in captive eland and
fallow deer. J Wildlife Dis. 2001; 37(2):387–390. doi: 10.7589/0090-3558-37.2.387

81.

Hayashi M, Yablonski ME, Bito LZ. Eicosanoids as a new class of ocular hypotensive agents. Invest
Ophthalmol Vis Sci. 1987; 28(10):1639–1643. PMID: 3654137

82.

Rosenberg LF, Karalekas DP, Krupin T, Hyderi A. Cyclocryotherapy and noncontact nd:yag laser
cyclophotocoagulation in cats. Invest Ophthalmol Vis Sci. 1996; 37(10):2029–2036. PMID: 8847203

83.

Wang YL, Toris CB, Zhan GL, Yablonski ME. Effects of topical epinephrine on aqueous humor
dynamics in the cat. Exp Eye Res. 1999; 68:439–445. doi: 10.1006/exer.1998.0623 PMID: 10192801

84.

Oksala O, Stjernschantz J. Increase in outflow facility of aqueous humor in cats induced by calcitonin
gene-related peptide. Exp Eye Res. 1988; 47:797–790. doi: 10.1016/0014-4835(88)90045-0

85.

Ofri R, Horowitz IH, Kass PH. How low can we get? Tonometry in the thomson gazelle. J Glaucoma.
2000; 9:187–189. doi: 10.1097/00061198-200004000-00011 PMID: 10782631

86.

Liang D, Alvarado TP, Oral D, Vargas JM, Denena MM, McCulley JP. Ophthalmic examination of the
captive western lowland gorilla (gorilla gorilla gorilla). J Zoo Wildl Med. 2005; 36(3):430–433. doi: 10.
1638/03-121.1 PMID: 17312760

PLOS ONE | DOI:10.1371/journal.pone.0151490 March 18, 2016

22 / 25

Allometry of the Intraocular Pressure and Aqueous Humour Flow Rate

87.

Dawson WW, Schroeder JP, Dawson JC, Nachtigall PE. Cyclic ocular hypertension in cetaceans.
Mar Mammal Sci. 1992; 8:135–142. doi: 10.1111/j.1748-7692.1992.tb00372.x

88.

Ghaffari MS, Hajikhani R, Sahebjam F, Akbarein H, Golezardy H. Intraocular pressure and schirmer
tear test results in clinically normal long-eared hedgehogs (hemiechinus auritus): reference values.
Vet Ophthalmol. 2012; 15(3):206–209. doi: 10.1111/j.1463-5224.2011.00967.x PMID: 22050958

89.

Walker SD, Brubaker RF, Nagataki S. Hypotony andaqueous humor dynamics in myotonic dystrophy.
Invest Ophthalmol Vis Sci. 1982; 22:744–751. PMID: 7076420

90.

Brown JD, Brubaker RF. A study of the relation between intraocular pressure and aqueous humor
flow in the pigment dispersion syndrome. Ophthalmology. 1989; 96:1468–1470. doi: 10.1016/S01616420(89)32703-5 PMID: 2587041

91.

Montiani-Ferreira F, Truppel J, Tramontin MH, D’Octaviano VRG, Lange RR. The capybara eye: clinical tests, anatomic and biometric features. Veterinary Ophthalmology. 2008; 11:386–395. doi: 10.
1111/j.1463-5224.2008.00663.x PMID: 19046280

92.

Willis AM, Anderson DE, Gemensky AJ, Wilkie DA, Silveira F. Evaluation of intraocular pressure in
eyes of clinically normal llamas and alpacas. Am J Vet Res. 2000; 61:1542–1544. doi: 10.2460/ajvr.
2000.61.1542 PMID: 11131596

93.

Toris CB, Zhan GL, Wang YL, Zhao J, McLaughlin MA, Camras CB, et al. Aqueous humor dynamics
in monkeys with laser-induced glaucoma. J Ocul Pharmacol Ther. 2000; 16(1):19–27. doi: 10.1089/
jop.2000.16.19 PMID: 10673127

94.

Okka M, Tian B, Kaufman PL. Effects of latrunculin b on outflow facility, intraocular pressure, corneal
thickness, and miotic and accommodative responses to pilocarpine in monkeys. Trans Am Ophthalmol Soc. 2004; 102:251–259. PMID: 15747763

95.

Ollivier FJ, Brooks DE, Kallberg ME, Sapp HL, Komàromy AM, Stevens GR, et al. Time-specific intraocular pressure curves in rhesus macaques (macaca mulatta) with laser-induced ocular hypertension.
Vet Ophthalmol. 2004; 7(1):23–27. doi: 10.1111/j.1463-5224.2004.00316.x PMID: 14738503

96.

Dawson WW, Brooks DE, Hope GM, Samuelson DA, Sherwood MB, Engel HM, et al. Primaryopen
angle glaucomas in the rhesus monkey. Br J Opthalmol. 1993; 77:302–310. doi: 10.1136/bjo.77.5.
302

97.

Gabelt BT, Gottanka J, Lütjen-Drecoll E, Kaufman PL. Aqueous humor dynamics and trabecular
meshwork and anterior ciliary muscle morphologic changes with age in rhesus monkeys. Invest
Ophthalmol Vis Sci. 2003; 44(5):2118–2125. doi: 10.1167/iovs.02-0569 PMID: 12714651

98.

Labelle AL, Low M, Hamor RE, Breaux CB, Langan JN, Zachariah TT. Ophthalmic examination findings in a captive colony of western gray kangaroos (macropus fuliginosus). J Zoo Wildl Med. 2010; 41
(3):461–467. doi: 10.1638/2009-0179.1 PMID: 20945644

99.

Martins BC, Oriá AP, Souza ALG, Campos CF, Almeida DE, Duarte RA, et al. Ophthalmic patterns of
captive brown brocket deer (mazama gouazoubira). J Zoo Wildl Med. 2007; 38(4):526–532. doi: 10.
1638/MS05-084.1 PMID: 18229857

100.

Aihara M, Lindsey JD, Weinreb RN. Aqueous humor dynamics in mice. Invest Ophthalmol Vis Sci.
2003; 44(12):5168–5173. doi: 10.1167/iovs.03-0504 PMID: 14638713

101.

Aihara M, Lindsey JD, Weinreb RN. Episcleral venous pressure of mouse eye and effect of body position. Curr Eye Res. 2003; 27:355–362. doi: 10.1076/ceyr.27.6.355.18194 PMID: 14704919

102.

Crowston JG, Aihara M, Lindsey JD, Weinreb RN. Effect of latanoprost on outflow facility in the
mouse. Invest Ophthalmol Vis Sci. 2004; 45(7):2240–2245. doi: 10.1167/iovs.03-0990 PMID:
15223801

103.

Montiani-Ferreira F, Mattos BC, Russ HHA. Reference values for selected ophthalmic diagnostic
tests of the ferret (mustela putorius furo). Vet Ophthalmol. 2006; 9(4):209–213. doi: 10.1111/j.14635224.2006.00475.x PMID: 16771755

104.

Matas M, Wise I, Masters NJ, Stewart J, Holloway A, Donaldson D, et al. Unilateral eyelid lesion and
ophthalmologic findings in an aardvark (orycteropus afer): case report and literature review. Vet
Ophthalmol. 2010; 13(Supplement 1):116–122. doi: 10.1111/j.1463-5224.2010.00803.x PMID:
20840100

105.

Langham ME, Edwards N. A new procedure for the measurement of the outflow facility in conscious
rabbits. Exp Eye Res. 1987; 45:665–672. doi: 10.1016/S0014-4835(87)80115-X PMID: 3428392

106.

Melena J, Santafé J, Segarra-Domenech J, Puras G. Aqueous humor dynamics in α-chymotrypsininduced ocular hypertensive rabbits. J Ocul Pharmacol Ther. 1999; 15(1):19–27. doi: 10.1089/jop.
1999.15.19 PMID: 10048344

107.

Chidlow G, Cupido A, Melena J, Osborne NN. Flesinozan, a 5-HT1A receptor agonist/α1-adrenoceptor
antagonist, lowers intraocular pressure in nzw rabbits. Curr Eye Res. 2001; 23:144–153. doi: 10.
1076/ceyr.23.2.144.5480 PMID: 11840354

PLOS ONE | DOI:10.1371/journal.pone.0151490 March 18, 2016

23 / 25

Allometry of the Intraocular Pressure and Aqueous Humour Flow Rate

108.

Zhan GL, Lee PY, Ball DC, Mayberger CJ, Tafoya ME, Camras CB, et al. Time dependent effects of
sympathetic denervation on aqueous humor dynamics and choroidal blood flow in rabbits. Curr Eye
Res. 2002; 25(2):99–105. doi: 10.1076/ceyr.25.2.99.10161 PMID: 12525963

109.

Chu TC, Potter DE. Ocular hypotension induced by electroacupuncture. J Ocul Pharmacol Ther.
2002; 18(4):293–305. doi: 10.1089/10807680260218461 PMID: 12222760

110.

Ribeiro AP, Crivelaro RM, Teixeira PPM, Trujillo DY, Guimaraes PJ, Vicente WRR, et al. Effects of different mydriatics on intraocular pressure, pupil diameter, and ruminal and intestinal motility in healthy
sheep. Vet Ophthalmol. 2014; 17(6):397–402. doi: 10.1111/vop.12121 PMID: 24238072

111.

Ofri R, Horowitz I, Jacobson S, Kass PH. The effects of anesthesia and gender on intraocular pressure in lions (panthera leo). Journal of Zoo and Wildlife Medicine. 1998; 29:307–310. PMID: 9809604

112.

Hirst LW, Brown AS, Kempster R, Winney N. Ophthalmologic examination of the normal eye of the
koala. J Wildlife Dis. 1992; 28(3):419–423. doi: 10.7589/0090-3558-28.3.419

113.

Montiani-Ferreira F, Lima L, Bacellar M, Vilani RGD, Fedullo JD, Lange RR. Bilateral phacoemulsification in an orangutan (pongo pygmaeus). Vet Ophthalmol. 2010; 13(Supplement 1):91–99. doi: 10.
1111/j.1463-5224.2009.00733.x PMID: 20840096

114.

Blackwood SE, Plummer CE, Crumley W, McKay EO, Brooks DE, Barrie KP. Ocular parameters in a
captive colony of fruit bats. Vet Ophthalmol. 2010; 13(Supplement 1):72–79. doi: 10.1111/j.14635224.2010.00816.x PMID: 20840093

115.

Mermoud A, Baerveldt G, Minckler DS, Lee MB, Rao NA. Intraocular pressure in lewis rats. Invest
Ophthalmol Vis Sci. 1994; 35:2455–2460. PMID: 8163335

116.

Mermoud A, Baerveldt G, Minckler DS, Prata JA, Rao NA. Aqueous humor dynamics in rats. Graefe’s
Arch Clin Exp Ophthalmol. 1996; 234:S198–S203. doi: 10.1007/BF02343072

117.

Bapodra P, Wolfe BA. Baseline assessment of ophthalmic parameters in the greater one-horned rhinoceros (rhinoceros unicornis). J Zoo Wildl Med. 2014; 45(4):859–865. doi: 10.1638/2014-0063.1
PMID: 25632674

118.

Castejon H, Chiquet C, Savy O, Baguet JP, Khayi H, Tamisier R. Effect of acute increase in blood
pressure on intraocular pressure in pigs and humans. Invest Ophthalmol Vis Sci. 2010; 51:1599–
1605. doi: 10.1167/iovs.09-4215 PMID: 19850831

119.

Mejia-Fava JC, Ballweber L, Colitz CMH, Clemons-Chevis CC, Croft L, Dalton D, et al. Use of rebound
tonometry as a diagnostic tool to diagnose glaucoma in the captive California sea lion. Vet Ophthalmol. 2009; 12(6):405.

120.

Oriá AP, Oliveira AVD, Pinna MH, Filho EFM, Estrela-Lima A, Peixoto TC, et al. Ophthalmic diagnostic tests, orbital anatomy, and adnexal histology of the broad-snouted caiman (caiman latirostris). Vet
Ophthalmol. 2015; 18(Supplement 1):30–39. PMID: 24171896

121.

Selmi AL, Mendes GM, McManus C, Arrais P. Intraocular pressure determination in clinically normal
red-footed tortoise (geochelone carbonaria). J Zoo Wildl Med. 2002; 33(1):58–61.

122.

Selmi AL, Mendes GM, MacManus C. Tonometry in adult yellow-footed tortoises (geochelone denticulata). Vet Ophthalmol. 2003; 6:305–307. doi: 10.1111/j.1463-5224.2003.00311.x PMID: 14641827

123.

Wojick KB, Naples LM, Knapp CR. Ocular health assessment, tear production, and intraocular pressure in the andros island iguana (cyclura cychlura cychlura). J Zoo Wildl Med. 2013; 44(1):116–123.
doi: 10.1638/1042-7260-44.1.116 PMID: 23505711

124.

Rajaei Sm, Ansari M, Sadjadi R, Azizi F. Measurement of intraocular pressure using Tonovet in european pond turtle (emys orbicularis). J Zoo Wildl Med. 2015; 46(2):421–422. doi: 10.1638/20140234R.1 PMID: 26056909

125.

Gomes FE, Brandao J, Summer J, Kearney M, Freitas I, Johnson J III, et al. Survey of ophthalmic
anterior segment findings and intraocular pressure in 95 North American box turtles (terrapene spp.).
Vet Ophthalmol. 2015; p. 1–9.

126.

Selleri P, Di Girolamo N, Andreani V, Guandalini A, D’Anna N. Evaluation of intraocular pressure in
conscious hermann’s tortoises (testudo hermanni) by means of rebound tonometry. Am J Vet Res.
2012; 73(11):1807–1812. doi: 10.2460/ajvr.73.11.1807 PMID: 23106468

127.

Delgado C, Mans C, McLellan GJ, Bentley E, Sladky KK, Miller PE. Evaluation of rebound tonometry
in red-eared slider turtles (trachemys scripta elegans). Vet Ophthalmol. 2014; 17(4):261–267. doi: 10.
1111/vop.12114 PMID: 25097909

128.

Bartels SP. Aqueous humor flow measured With fluorophotometry in timolol-treated primate. Invest
Ophthalmol Vis Sci. 1988; 29(10):1498–1504. PMID: 3170122

129.

Bill A, Hellsing K. Production and drainage of aqueous humor in the cynomolgus monkey (macaca
irus). Invest Ophthalmol. 1965; 4(5):920–926. PMID: 4157892

PLOS ONE | DOI:10.1371/journal.pone.0151490 March 18, 2016

24 / 25

Allometry of the Intraocular Pressure and Aqueous Humour Flow Rate

130.

Ogidigben MJ, Potter DE. Central imidazoline (I1) receptors modulate aqueous hydrodynamics. Curr
Eye Res. 2001; 22(5):358–366. doi: 10.1076/ceyr.22.5.358.5492 PMID: 11600937

131.

Bayon A, Vecino E, Albert A. Evaluation of intraocular pressure obtained by two tonometers, and their
correlations with corneal thickness obtained by pachymetry in raptors. Vet Ophthalmol. 2006; 9:426–
434.

132.

Chittick B, Harras C. Intraocular pressure of juvenile loggerhead sea turtles (caretta caretta) held in
different positions. Vet Rec. 2001; 149:587–589. doi: 10.1136/vr.149.19.587 PMID: 11730167

133.

Ruiz T, Campos WNS, Peres TPS, Gonçaves GF, Ferraz RHS, Néspoli PEB, et al. Intraocular pressure, ultrasonographic and echobiometric findings of juvenile yacare caiman (caiman yacare) eye.
Vet Ophthalmol. 2015; 18(Supplement 1):40–45. doi: 10.1111/vop.12146 PMID: 24450942

134.

Friberg TR, Sanborn G, Weinreb RN. Intraocular and episcleral venous pressure increase during
inverted posture. Am J Ophthalmol. 1987; 103(4):523–526. doi: 10.1016/S0002-9394(14)74275-8
PMID: 3565513

135.

Linder BJ, Trick GL, Wolf ML. Altering body position affects intraocular pressure and visual function.
Invest Ophthalmol Vis Sci. 1988; 29(10):1492–1497. PMID: 3170121

136.

Clough JD, Parikh CH, Edelhauser HF. Anterior chamber, lens and globe volumes in balb/c and c57/
bL6 mice. Invest Ophthalmol Vis Sci. 2003; 44:648.

137.

Felsenstein J. Phylogenies and the Comparative Method. The American Naturalist. 1985; 125(1):1–
15. doi: 10.1086/284325

138.

Kendall MG. Rank correlation methods. 4th ed. Griffin; 1976.

139.

Link BA, Gray MP, Smith RS, John SW. Intraocular pressure in zebrafish: comparison of inbred
strains and identification of a reduced melanin mutant with raised IOP. Invest Ophthalmol Vis Sci.
2004; 45:4415–4422. doi: 10.1167/iovs.04-0557 PMID: 15557450

140.

Thomas F Hansen JP, Orzack SH. A comparative method for studying adaptation to a randomly
evolving environment. Evolution. 2008; 62(8):1965–1977. PMID: 18452574

141.

Hughes A. The topography of vision in mammals of contrasting lifestyle: Comparative optics and retinal organisation. In: Crescitelli F, editor. Handbook of Sensory Physiology. vol. VII/5: The Visual System in Vertebrates. Berlin: Springer-Verlag; 1977.

142.

Polyak SL. The retina. Chicago: University of Chicago Press; 1941.

143.

Cole DF. Comparative aspects of the intraocular fluids. In: Davson H, Graham LT Jr, editors. The eye.
vol. 5: Comparative physiology. New York and London: Academic Press; 1974.

144.

Savage VM, Gillooly JF, Woodruff WH, West GB, Allen AP, Enquist BJ, et al. The predominance of
quarter-power scaling in biology. Funct Ecol. 2004; 18:257–282. doi: 10.1111/j.0269-8463.2004.
00856.x

145.

White CR, Seymour RS. Mammalian basal metabolic rate is proportional to body mass2/3. Proc Natl
Acad Sci USA. 2003; 100:4046–4049. doi: 10.1073/pnas.0436428100 PMID: 12637681

146.

Kolokotrones T, Savage V, Deeds EJ, Fontana W. Curvature in metabolic scaling. Nature. 2010;
464:753–756. doi: 10.1038/nature08920 PMID: 20360740

147.

West GB, Brown JH, Enquist BJ. A general model for the origin of allometric scaling laws in biology.
Science. 1997; 276:122–126. doi: 10.1126/science.276.5309.122 PMID: 9082983

148.

Suburo AM, Scolaro JA. The eye of the magellanic penguin (spheniscus magellanicus): structure of
the anterior segment. Am J Anat. 1990; 189:245–252. doi: 10.1002/aja.1001890307 PMID: 2260531

149.

Sivak J, Howland HC. Vision of the humboldt Penguin (spheniscus humboldti) in air and water. Proc R
Soc Lond B. 1987; 229:467–472. doi: 10.1098/rspb.1987.0005 PMID: 2881308

150.

Martin GR, Young SR. The eye of the humboldt penguin, spheniscus humboldti: visual fields and
schematic optics. Proc R Soc Lond B. 1984; 223:197–22. doi: 10.1098/rspb.1984.0090 PMID:
6151660

151.

Mass AM, Supin AY. Adaptive features of aquatic mammals’ eye. Anat Rec. 2007; 290:701–715. doi:
10.1002/ar.20529

152.

Stokkan KA, Folkow L, Dukes J, Neveu M, Hogg C, Siefken S, et al. Shifting mirrors: adaptive
changes in retinal reflections to winter darkness in Arctic reindeer. Proc R Soc B. 2013;
280:20132451. doi: 10.1098/rspb.2013.2451 PMID: 24174115

PLOS ONE | DOI:10.1371/journal.pone.0151490 March 18, 2016

25 / 25

