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1  |  INTRODUC TION

There is considerable variation in erythrocyte size between-  and 
within- taxa across all vertebrates (Gregory, 2000; Hawkey et al., 
1991; Lay & Baldwin, 1999). There are a number of key drivers of 
erythrocyte size such as a positive relationship between genome 
size and cell size across vertebrates (Gregory, 2000, 2001, 2002; 
Mueller et al., 2008). For vertebrates with nucleated erythro-
cytes, erythrocyte size is directly related to nucleus size (Gregory, 
2002). There are also broad differences between ectotherms and 

endotherms with reptiles, amphibians and fish all having larger cells 
than mammals and birds (Gregory, 2001; Hawkey et al., 1991). In 
addition, nucleated avian erythrocytes are larger than those of 
non- nucleated mammals of an equivalent body mass (Gregory, 
2002). The smaller erythrocytes of endotherms (bird, mammals) in 
comparison to ectotherms (reptiles, fish, amphibia) are thought to 
derive from lower mass- specific resting metabolic rates (RMR) and 
lower oxygen demands of ectotherms (Hawkey et al., 1991), some-
thing that also contributes to within- taxon patterns (Gregory, 2002; 
Kozłowski et al., 2020). In contrast, body mass does not necessarily 

Received: 13 November 2021  | Revised: 20 December 2021  | Accepted: 4 March 2022

DOI: 10.1111/jeb.14004  

R E S E A R C H  A R T I C L E

Ecological and life- history correlates of erythrocyte size and 
shape in Lepidosauria

Zachary Penman |   D. Charles Deeming  |   Carl D. Soulsbury

This is an open access article under the terms of the Creative Commons Attribution- NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Journal of Evolutionary Biology published by John Wiley & Sons Ltd on behalf of European Society for Evolutionary Biology.

School of Life Sciences and Environmental 
Sciences, University of Lincoln, Lincoln, 
UK

Correspondence
Carl D. Soulsbury, School of Life Sciences 
and Environmental Sciences, University 
of Lincoln, Brayford Pool, Lincoln LN6 
7TS, UK.
Email: csoulsbury@lincoln.ac.uk

Abstract
Blood oxygen- carrying capacity is shaped both by the ambient oxygen availability as 
well as species- specific oxygen demand. Erythrocytes are a critical part of oxygen 
transport and both their size and shape can change in relation to species- specific life- 
history, behavioural or ecological conditions. Here, we test whether components of 
the environment (altitude), life history (reproductive mode, body temperature) and 
behaviour (diving, foraging mode) drive erythrocyte size variation in the Lepidosauria 
(lizards, snakes and rhynchocephalians). We collected data on erythrocyte size (area) 
and shape (L/W: elongation ratio) from Lepidosauria across the globe (N = 235 spe-
cies). Our analyses show the importance of oxygen requirements as a driver of eryth-
rocyte size. Smaller erythrocytes were associated with the need for faster delivery 
(active foragers, high- altitude species, warmer body temperatures), whereas species 
with greater oxygen demands (diving species, viviparous species) had larger eryth-
rocytes. Erythrocyte size shows considerable cross- species variation, with a range 
of factors linked to the oxygen delivery requirements being major drivers of these 
differences. A key future aspect for study would include within- individual plasticity 
and how changing states, for example, pregnancy, perhaps alter the size and shape of 
erythrocytes in Lepidosaurs.
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correlate with erythrocyte size. Positive interspecific relationships 
between erythrocyte size and body mass have been demonstrated 
in geckos (Starostová et al., 2005) and birds (Kostelecka- Myrcha & 
Chołostiakow- Gromek, 2001; Soulsbury et al., 2022). In mammals 
and teleost fish, there is no relationship between erythrocyte size 
and body mass or size (mammals: Promislow, 1991; Savage et al., 
2007; teleosts: Martins et al., 2021), although for mammals there is 
a significant positive correlation when analysed with independent 
contrasts (Promislow, 1991).

Erythrocyte size can also change throughout an organism's life. 
In some species, erythrocytes can increase in size throughout ontog-
eny, as seen in monitor lizards (Frýdlová et al., 2013), 10 species of 
teleost (Lahnsteiner, 2021) and three of five species of eyelid geckos 
(Starostová et al., 2013). In contrast, erythrocyte size did not change 
in mole salamanders (Davies, 2008) or two of five species of eye-
lid geckos (Starostová et al., 2013). Such plasticity is undoubtedly 
underpinned by between- species differences in oxygen demand as 
well as changing mass- specific metabolic rate (Pis, 2008).

In other cases, some behavioural and ecological variables may 
impact erythrocyte sizes. For example, differences in oxygen avail-
ability, for example, altitude, can drive variation in blood oxygen- 
carrying capacity (González- Morales et al., 2015; Lu et al., 2015; 
Monge & Leon- Velarde, 1991; Navas & Chauí- Berlinck, 2007). 
Across- species, erythrocytes of anurans are smaller at higher alti-
tudes (Navas & Chauí- Berlinck, 2007), whereas comparisons within 
species of lizards show increasing erythrocyte size with higher alti-
tude (González- Morales et al., 2017), largest sizes at intermediate 
altitudes (González- Morales et al., 2017) or decreasing erythro-
cyte size with higher altitude (Guadarrama et al., 2020). Similarly, 
species with seasonal altitudinal migration can show plastic size 
changes in erythrocyte size; alpine accentors (Prunella collaris), for 
example, have smaller erythrocytes when living at high altitude 
(Haas & Janiga, 2020; Janiga et al., 2017). Other sources of vari-
ation in erythrocyte size are less well studied, but again thought 
to be related to oxygen demand. For example, in tropical reef te-
leosts, species with a higher aerobic capacity and greater activity 
levels have smaller erythrocytes (Well & Baldwin, 1990), but more 
broadly across teleosts, erythrocyte shape was unrelated to habi-
tat or body size (Martins et al., 2021). Similarly, birds with greater 
energetic demands (e.g. long distance migration) had smaller eryth-
rocytes, whereas diving birds had larger erythrocytes (Soulsbury 
et al., 2022). These studies demonstrate that components of species 
ecology and life history are important for determining erythrocyte 
size. Finally, erythrocyte shape can also vary, being rounder (smaller 
length to width ratio) or elongated (greater length to width ratio). 
Erythrocyte shape is poorly studied, but is known to vary plastically 
within- species, for example, elongated erythrocytes were reported 
in alpine accentors breeding at high altitudes (Haas & Janiga, 2020; 
Janiga et al., 2017), whereas across bird species, erythrocytes were 
more elongated at higher altitudes and for species migrating long 
distances (Soulsbury et al., 2022). In contrast, cell shape (PCA of 
cell shape components) also varies extensively in teleosts, but did 
not vary with habitat or body size (Martins et al., 2021). To date, 

erythrocyte shape is relatively unexplored and key drivers of shape 
variation are uncertain.

Lepidosauria (lizards, snakes and tuatara) are excellent models 
to study the relationships between ecology and physiology, because 
of their widespread global distribution and their diversification in a 
range of ecological niches (Meiri, 2018). As such, cross- species anal-
yses of Lepidosauria allow the study of key patterns in evolutionary 
ecology at a global scale (Meiri et al., 2020a; Slavenko et al., 2019). 
A number of key studies have examined macroecological variation 
and ecological drivers in key traits in squamates (lizards and snakes). 
These traits include body size (Slavenko et al., 2019), body plan 
(Wiens et al., 2006), reproductive mode (Ma et al., 2018; Pincheira- 
Donoso et al., 2017; Rafferty et al., 2013) and life history (Costa 
et al., 2008; Meiri et al., 2020a, 2020b; Scharf et al., 2015). Studies 
that examine environmental physiology on a global scale are gener-
ally rarer and have mostly focused on thermal ecology (Andrews & 
Schwarzkopf, 2012; Garcia- Porta et al., 2019).

In this study, we take a first step in understanding the rela-
tionships between ecology and physiology by compiling a unique 
dataset to analyse whether a variety of life- history and ecological 
traits have driven selection on erythrocyte size in Lepidosauria. We 
built on recent analyses in birds (Soulsbury et al., 2022), and pre-
dict that components of Lepidosauria ecology and behaviour will 
play a major role in shaping erythrocyte sizes. Smaller erythrocytes 
may be predicted to occur where the ability and speed to exchange 
gases between pulmonary and tissues are critical. Hence, we pre-
dict that where tissue- oxygen demands are likely to be increased 
(higher body temperatures, active foraging) or there is a need for 
enhanced gas exchange (altitude), species will have smaller eryth-
rocytes. Conversely, where there is a need for greater within- blood 
oxygen- carriage (viviparity vs. oviparity) and storage (diving), there 
will be increases in erythrocyte size. Finally, we test the same set of 
factors in relation to erythrocyte shape. However, too few studies 
have previously tested this parameter, hence the predictions may be 
too speculative.

2  |  MATERIAL S AND METHODS

2.1  |  Data collection: Erythrocyte size

We gathered data from the published literature. Specifically, we 
focussed on erythrocyte area (µm2), rather than mean corpuscu-
lar volume (MCV). MCV is usually derived by multiplying a volume 
of blood by the proportion of blood that is cellular (the haemato-
crit), and dividing that product by the number of erythrocytes (red 
blood cells) in that volume. This misses key information on cellular 
shape. We instead collected length of the long axis (L, in µm) and 
width of the short axis (W, in µm), and area, which was calculated 
as the area based on length x width measurements of an ellip-
soid (area = π·L/2·W/2 in µm²). We calculated the elongation ratio 
of the cell using the length and width of the erythrocytes (L/W). 
Elongation ratio is a dimensionless measure, but captures whether 
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the erythrocyte is round (L/W = 1), oval shaped (L/W = 1.4– 1.6) or 
flatter ellipses (L/Q = >1.8). Greater elongation ratios give greater 
surface areas for a given volume (see example in bacteria: Ojkic 
et al., 2019), which may impact gas exchange rates.

2.2  |  Data collection: Species ecology and 
natural history

The data set comes from populations across the five continents even 
though there is a bias for some reptile biodiversity hotspots, par-
ticularly in south eastern Europe (Figure S1). For each species, we 
extracted the location of capture (where possible). Altitude was in-
cluded as reported in the articles or as calculated from http://www.
twcc.fr/ using the coordinates given in the original publication. The 
exception was one species of sea snake, which had no capture loca-
tion but was collected at sea level.

Few studies had any information on study- specific body masses, 
ages or sexes of sampled animals. To include body mass, we used 
published datasets to assign body mass (Feldman et al., 2016). We 
also included the reproductive mode (oviparous or viviparous) (Pyron 
& Burbrink, 2014), but although there is a continuum of maternal– 
foetal contact (Albergotti & Guillette, 2011), we lacked enough data 
to assign these to individual species. Any ovo- viviparous species in 
our data set were considered viviparous in this context because the 
mother carries the young until full term.

We also included information on whether the species regularly 
dives, that is, whether the species was aquatic or semi- aquatic, or 
not (yes/no). Where information was available, we included informa-
tion on foraging mode. We used the nomenclature of Meiri (2018) 
who categorized Sauria (lizards) as ambush predators (‘sit and wait’), 
active foragers (‘active foraging’) or using a mixed strategy (‘mixed’). 
We extended these data to include snakes, some additional lizards 
and the tuatara using additional datasets, for example, Lourdais 
et al. (2014) and Glaudas et al. (2019), and natural history descrip-
tions. Our distribution of foraging strategies had a limited number 
of ‘mixed’ strategies. Instead, we simplified categories to those that 
were active foragers or those using ambush foraging some or all of 
the time, that is, combining ‘ambush’ and ‘mixed; categories. Finally, 
we used existing sources to include species- specific mean body tem-
perature (°C) where measured; for ectotherms, most behavioural 
and physiological processes depend directly on body temperature 
(see dataset for sources).

2.3  |  Data processing and statistical analysis

From our initial data set, we carried out four different analyses cov-
ering differing information per study/species (Table S1). Initially, we 
built the allometric relationships between log10- transformed body 
size and erythrocyte size and shape. Second, we analysed a model 
that tested the effects of body mass, altitude, diving behaviour and 

reproductive mode. Initially, we considered interactions between 
variables, specifically reproductive mode and altitude. However, in-
teractions were not significant, and the model was simplified. The 
third model included the additional variable of foraging mode. In 
this analysis, we note a clear outlier during exploratory plotting –  
the rock python Python sebae. In our data set, the erythrocyte size 
for this species was taken from a study using small (~2.7kg) snakes 
(Jegede et al., 2020) and body masses of adults are ~50kg (Feldman 
et al., 2016). There may be age-  or size- specific changes in foraging, 
so we chose to exclude this single data point as we were not sure 
how to categorize such small snakes. Our final model tested the ad-
ditional effect of mean body temperature to the second model. The 
use of these four models maximized coverage of the data but meant 
that there were differing numbers of species and samples from each 
species for each of the four different models.

Analysis was carried using phylogenetic mixed models (PMM) 
using the MCMCglmm package (Hadfield, 2010), with the inclu-
sion of a phylogenetic covariance matrix, with species retained as 
a second random effect within the models (random = ~animal). The 
phylogenetic covariance matrix was created using a time- calibrated 
Lepidosauria phylogeny (Tonini et al., 2016), and pruned to fit the 
species in each model subset. For the PMM models, we set uninfor-
mative priors (R~inverse.gamma(V = 1, nu = 0.002); G~ inverse.gam-
ma(V = 1, nu = 0.002)), used a single independent chain of 500,000 
iterations, with sampling taking place every 500 iterations after a 
10,000 burn in. The phylogenetic signal (lambda, λ) was estimated by 
dividing the variance explained by the phylogeny, by the sum of all 
variance components. The phylogenetic signal varies between 0 and 
1, where 0 represents no evolutionary signal (no covariance in the 
residuals due to shared ancestry), and 1 indicates that the observed 
covariance in residuals follows that expected under a Brownian mo-
tion model of trait evolution (Freckleton et al., 2002). Convergence 
of the MCMC chain was checked using Heidelberger and Welch's 
convergence diagnostic test for stationarity (implemented in the R 
package coda 0.19– 3; Plummer et al., 2006), and the level of autocor-
relation was checked to ensure adequate (>1,000) effective sample 
size for each estimated parameter. All models were run in R version 
4.0.3 (R Core Team, 2020).

3  |  RESULTS

3.1  |  General patterns of erythrocyte size

Erythrocyte size varied considerably between species (Figure 1). The 
lizard with the smallest erythrocyte areas was the eastern smooth- 
throated lizard Liolaemus wiegmannii (47.12 µm2) and the snake 
with the smallest erythrocyte was the Egyptian cobra Naja haje 
(52.77 µm2). The species with the three largest erythrocyte areas 
were marine file snake Acrochordus granulatus (287.11 µm2), the 
Komodo dragon Varanus komodoensis (252.90 µm2) and the tua-
tara Sphenodon punctatus (257.62 µm2; Figure 1). Most species had 

http://www.twcc.fr/
http://www.twcc.fr/
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F I G U R E  1  Mean erythrocyte area (µm2) and mean elongation ratio for individual species across the phylogenetic relationship of 
Lepidosauria. For illustration, the approximate location of representative taxa (top to bottom: Sphenodon punctatus; Gehyra mutilata; Eumeces 
fasciatus; Lacerta agilis; Varanus komodoensis; Stellagama stellio; Boa constrictor; Vipera latastei; Notoechis ater; Elaphe quadrivirgata) are 
included as tip labels were too small to be visible. Species that are underlined are not in the phylogeny but represent closely related species. 
All images are taken from Phylopics (http://phylo pic.org) under Public Domain Dedication 1.0 license(http://creat iveco mmons.org/publi 
cdoma in/zero/1.0/)
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an erythrocyte area lying within the range of 50– 200 µm2 (95.4%, 
272/285 species). For elongation ratios, the species with round-
est cells were snakes, such as the eastern ribbon snake Thamnophis 
saurita [sauritus] (ratio = 1.22) and the Montpellier snake Malpolon 
monspessulanus (ratio = 1.23; Figure 1), with the most elongated 
cells found in eastern smooth- throated lizard Liolaemus wiegmannii 
(ratio = 2.40) and the coastal viper Montivipera xanthina (ratio = 2.37; 
Figure 1).

Irrespective of species, larger Lepidosauria had significantly 
larger erythrocytes in terms of area (Posterior mean = 11.43, 
upper and lower bounds of the 95% Credible Intervals (CI) = 5.48– 
17.43, pMCMC <0.001; λ = 0.70 (0.54/0.83)), Figure 2; N = 285 
from 235 species). In contrast, there was no effect of body mass 
on elongation ratio (Posterior mean = 0.01, 95% CI = −0.03– 0.04, 
pMCMC = 0.926; λ = 0.42 (0.14/0.67); N = 266 from 227 species).

3.2  |  Effect of diving, altitude and reproductive 
mode on erythrocyte size

Species that dived had significantly larger erythrocytes (Table 1a; 
Figure 3a), but no change in elongation ratio (Table 1a). Viviparous 
species also had erythrocytes with a larger area (Figure 3b), but 
elongation ratio did not differ between oviparous and viviparous 
species (Table 1a). Finally, altitude had a significant negative effect 
on erythrocyte area (Table 1a; Figure 3c), and had a positive relation-
ship with elongation ratio, that is, more elongated cells (Table 1a; 
Figure 4). Interestingly, viviparous species had larger erythrocytes 
than oviparous species irrespective of altitude (Figure 3c).

3.3  |  Foraging, body temperature and 
erythrocyte size

Across species, those that were active foragers as opposed to those 
using mixed/sit- and- wait strategies had significantly smaller erythro-
cytes (Table 1c; Figure 5a). Similarly, those species with higher mean 
body temperatures had smaller erythrocytes (Table 1c; Figure 5b). 
In contrast, neither foraging strategy or mean body temperature af-
fected elongation ratio (Table 1c).

4  |  DISCUSSION

In Lepidosauria, there were significant positive relationships be-
tween body mass and erythrocyte size but no significant effect on 
shape, as measured by elongation ratio. Our analysis found that while 
controlling for body mass there were complex patterns of changes in 
Lepidosaurian erythrocyte size and shape. Some drivers were linked 
to environmental conditions, including altitude and climate, whereas 
others were related to life- history and behaviour factors such as re-
productive mode, body temperature, foraging or diving.

4.1  |  Body mass effects

We found a significant positive interspecific relationship between 
body mass and erythrocyte size in Lepidosauria, which has also 
been found within species (Frýdlová et al., 2013; Starostová et al., 
2005). Increased body size is also associated with larger erythro-
cytes in amphibians (Gregory, 2001; Hawkey et al., 1991) and birds 
(Kostelecka- Myrcha & Chołostiakow- Gromek, 2001; Soulsbury 
et al., 2022). The increase in genome size with body size (Gregory, 
2000, 2001, 2002; Mueller et al., 2008), leads to larger nucleus sizes; 
larger erythrocytes are, therefore, needed to house the larger nu-
cleus. Hence, the anucleate erythrocytes of mammals do not exhibit 
any relationship with body size, although many nucleated cell types 
do exhibit such a relationship (Savage et al., 2007). Erythrocyte size 
is larger in fish than in amphibians, which are larger than in reptiles 
(Hartman & Lesser, 1964), and this reflects broad changes in the 
pulmonary- circulatory system (Snyder & Sheafor, 1999). Having 
demonstrated that body size is important in Lepidosauria, further 
analysis is required to investigate how other blood parameters that 
are important for oxygen transport are affected by environmental 
and life- history variables.

4.2  |  Altitude and climatic effects on 
erythrocyte size

Vertebrates that live at high altitudes (above 2000 m) are subjected 
to hypoxic conditions that challenge aerobic metabolism. They usu-
ally exhibit functional and structural modifications that allow them 
to cope with the concomitant decrease in O2 tension that potentially 

F I G U R E  2  Relationships between body mass (log10, g) and 
erythrocyte area (μm²). Raw data points are shown, with regression 
line (+95CI) drawn through predicted values derived from the 
phylogenetic MCMC model
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constrains aerobic life in such environments (González- Morales 
et al., 2015, 2017). Some of these adaptations include changes in 
the size or morphology of respiratory surfaces, increased heart size, 
elevated haemoglobin concentration, higher haematocrit, increased 
capillary density and elevated myoglobin levels (Monge & Leon- 
Velarde, 1991; Samaja et al., 2003; Weber, 2007). We show that at 
higher altitudes, Lepidosauria in general had smaller erythrocytes. 
Similarly, across several species of anurans, species from higher alti-
tudes also had smaller erythrocytes (Navas & Chauí- Berlinck, 2007), 
whereas in lizards, within- species comparisons showed mixed ef-
fects of altitude on erythrocyte size (González- Morales et al., 2015, 
2017; Guadarrama et al., 2020). Size and shape affect surface area 
to volume ratio, meaning that small erythrocytes will exchange oxy-
gen more efficiently than larger cells, and ellipsoid cells are more 
efficient than round cells (Hartman & Lesser, 1963). Another haema-
tological parameter, haematocrit, that is, the ratio of the volume of 
red blood cells to the total volume of blood, tends to be increased 
at higher altitudes (Lu et al., 2015). Increased haematocrit allows 
greater oxygen- carrying capacity, but at the same time increases 
blood viscosity (Mehri et al., 2018). Smaller erythrocytes allow more 
rapid oxygenation and deoxygenation of haemoglobin (Holland & 

Forster, 1966; Jones, 1979) without perhaps the deleterious increase 
in viscosity. Although not part of the current study, an understand-
ing of the relationship between cell size and haematocrit would help 
determine whether high altitude, especially in species where eryth-
rocytes size is larger at higher altitudes (e.g. González- Morales et al., 
2015).

Altitude was also associated with a change in shape with cells 
becoming more elongated with increasing altitudinal hypoxia. In 
birds, those found at higher altitudes also had more elongated cells 
(Soulsbury et al., 2022), suggesting a general benefit of elongated 
cells in low- oxygen environments. Narrower, more elongated cells 
may pass through capillary beds more easily and so maximize the 
rate of blood flow directly or through a reduction in blood viscosity 
(e.g. alpine accentors: Janiga et al., 2017), although the exact bene-
fits deserve further investigation.

4.3  |  Life history and behaviour

Our results had three clear patterns for factors associated with life 
history and behaviour. First, energetic activities, that is, diving and 

TA B L E  1  Phylogenetic mixed model analysis outputs of erythrocyte area and elongation ratio in relation to (a) body mass, altitude, diving 
behaviour and reproductive mode and (b) foraging mode (mixed or active foraging) and (c) maximum body temperature

Variable Posterior mean lower 95% CI upper 95% CI pMCMCa

(a) Altitude, diving and reproductive mode

Area Body mass 10.45 3.01 17.26 0.006

λ = 0.24 (0.00/0.58) Altitude −0.01 −0.02 −0.01 0.001

N = 151 (129 species) Diving 32.31 10.66 55.78 0.006

Reproductive mode 21.44 6.41 37.64 0.005

Elongation ratio Altitude 8.21 × 105 2.45 × 105 1.43 × 104 0.005

λ = 0.38 (0.03/0.72) Diving −0.04 −0.13 0.20 0.621

N = 132 (118 species) Reproductive mode 0.04 −0.07 0.16 0.478

(b) Foraging mode

Area Body mass 7.51 −0.90 15.25 0.065

λ = 0.70 (0.50/0.90) Diving 38.85 19.33 57.58 0.001

N = 177 (143 species) Reproductive mode 14.43 −0.72 30.17 0.065

Foraging mode 16.98 2.70 32.66 0.031

Elongation ratio Diving −0.01 −0.14 0.11 0.802

λ = 0.44 (0.13/0.73) Reproductive mode −0.04 −0.14 0.07 0.523

N = 168 (138 species) Foraging mode 0.02 −0.08 0.13 0.634

(c) Body temperature

Area Body mass 13.46 7.50 20.02 0.001

λ = 0.41 (0.00/0.65) Diving 15.63 −2.81 33.43 0.094

N = 162 (124 species) Reproductive mode 7.73 −3.87 21.73 0.220

Mean body temp −1.48 −2.79 −0.02 0.037

Elongation ratio Diving 0.05 −0.08 0.18 0.455

λ = 0.54 (0.26/0.78) Reproductive mode −0.02 −0.13 0.07 0.684

N = 143 (116 species) Mean body temp 0.006 −0.004 0.02 0.244

aParticle Markov chain Monte Carlo (pMCMC) is the proportion of coefficients in the posterior distribution estimates that are = ̸ 0, multiplied by two 
(for a two- tailed test), and is analogous to a frequentist p- value.
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active foraging in our analysis, had contrasting effects on erythro-
cyte size. During diving in birds and mammals, the blood is an im-
portant oxygen store and haemoglobin concentration is elevated 
(Minias, 2020). Larger erythrocytes may contribute significantly to 
binding more oxygen and is, therefore, critical for oxygen storage 
capacity (Soulsbury et al., 2022). For example, in diving mammals, 
MCV and erythrocyte sizes are all significantly larger than in non-
diving counterparts (Davis, 2014; Wickham et al., 1989). Similarly, 
reptiles use a range of physiological mechanisms, including brady-
cardia, prolonged apnoea, cardiac shunts and Bohr effects, to sup-
port diving behaviour (Anderson, 1966; Millard & Johansen, 1974; 
Seymour & Webster, 1975). In diving turtles, oxygen is stored both in 
the lungs and blood (Arango et al., 2021; Lutz & Bentley, 1985), and 

blood oxygen stores are thought to be important in some squamates 
(Ferguson & Thornton, 1984). Marine snakes have significantly 
higher haematocrit levels (Brischoux et al., 2011; Feder, 1980), with 
the file snake Acrochordus granulatus, the species with the largest 
recorded erythrocytes, having the largest blood oxygen stores of 
any reptile (Feder, 1980). Our work demonstrates that along with 
other blood oxygen components, diving species have larger eryth-
rocytes which allow greater quantities of oxygen to be stored in the 
blood. Larger erythrocytes are also found in diving birds (Soulsbury 
et al., 2022), suggesting a widespread adaptation to diving across 
vertebrates.

Our second result was the finding that Lepidosauria that gave 
birth to live young (viviparous and ovo- viviparous) had larger eryth-
rocytes. Producing live offspring places a metabolic cost on the 
gravid females, leading to higher oxygen consumption especially to-
wards the end of pregnancy (Beuchat & Vleck, 1990; Jackson et al., 
2015; Robert & Thompson, 2002; Thompson & Speake, 2006). No 
study has looked specifically at erythrocyte size in Lepidosauria, and 
the only similar study showed that erythrocyte size was largest in 
mid- gestation gravid fish (Ingermann & Terwilliger, 1982), represent-
ing a plastic response. Our analysis shows that live birth has led to 
the selection for larger erythrocytes, perhaps as a result of higher 
oxygen demands of the female during gestation (Schultz et al., 2008; 
see also Munns & Daniels, 2007) but it could also be due to greater 
oxygen requirements of the developing offspring (Foucart et al., 
2014). Previously, low oxygen was thought to be a constraint on the 
evolution of viviparity (Andrews, 2002), but this is unlikely to be the 
case (see Pincheria- Donoso et al., 2017). Indeed, the number of vi-
viparous snakes and lizards found at higher altitudes suggests the re-
verse (Feldman et al., 2015; Pincheria- Donoso et al., 2017) and there 
is a need to consider the interaction between oxygen demand, alti-
tude and the evolution of viviparity (Watson & Cox, 2021). It should 
be pointed out that our analysis did not take into account whether 
viviparous species had placental maternal transfer. This could be im-
portant because ovo- viviparity involves the retention of embryos in 

F I G U R E  3  Boxplots showing the effect of (a) diving and (b) reproductive mode on erythrocyte area (µm2) and scatterplot showing the 
effect of (c) altitude and reproductive mode (oviparity = grey circles, viviparity = black circles) on erythrocyte area (µm2). Raw data points 
are shown and both boxplots and regression lines (+95CI) are drawn through predicted values derived from the phylogenetic MCMC models
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F I G U R E  4  The relationship between elongation ratio of 
erythrocytes and altitude (m). Raw data points are shown, with 
regression line (+95CI) drawn through predicted values derived 
from the phylogenetic MCMC model
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utero but there is no development of a placental- like structure that 
facilitates transfer of nutrition; this may also affect the transfer of 
respiratory gases (Blackburn & Stewart, 2011). Although not directly 
measured, it is inferred that viviparous species with placentation ex-
change respiratory gases and this is facilitated by changes in mater-
nal blood chemistry that enhances oxygen exchange (Ingerman et al., 
1991). To fully understand the link between oxygen demand, oxy-
gen transport and reproductive mode, examples of within- species 
(Rechnagel et al., 2021) and within- individual variation (Laird et al., 
2019), that is, showing both oviparous and viviparous reproductive 
modes, as well as cross- species comparisons (Foster et al., 2020) all 
provide ideal opportunities to link evolutionary form to function. Our 

analysis suggests that changing blood oxygen- carrying capacity by 
altering size and/or shape of erythrocytes is one mechanism to avoid 
constraints of low oxygen and may allow viviparous Lepidosauria to 
exploit higher altitude areas. In addition, future work should include 
the diversity of placenta types, and hence the degree of maternal– 
foetal contact, as an important modifier of oxygen transport and 
delivery (Stewart & Blackburn, 1988; Thompson & Speake, 2006).

Finally, we found that active foraging species of Lepidosaurs and 
those with higher mean body temperatures had smaller erythro-
cytes. In line with this, a handful of studies have found that eryth-
rocyte size negatively correlates with activity, for example, aerobic 
swimming ability in teleosts (Lay & Baldwin, 1999) and migration 
distance in birds (Soulsbury et al., 2022). Differences in activity also 
alter erythrocyte size in some anurans (Atatür et al., 1999). Our work 
supports the idea that rapid oxygenation and deoxygenation of hae-
moglobin (Holland & Forster, 1966; Jones, 1979), facilitated by hav-
ing smaller erythrocytes, is a key component of an active lifestyle. 
In line with this, species with higher mean body temperatures had 
smaller erythrocytes. High temperatures lead to higher metabolic 
rates and oxygen consumption (e.g. Clark et al., 2006) and in turn, 
across and within species, higher metabolic rates are associated with 
smaller erythrocyte size (Bury et al., 2019; Czarnoleski et al., 2017; 
Goodman & Heath, 2010; Gregory, 2002; Starostová et al., 2009). 
This further emphasizes the importance of mode of life and environ-
mental conditions as important drivers of erythrocyte size.

5  |  CONCLUSIONS

This study has demonstrated that across Lepidosauria erythrocyte 
size and shape can be affected by a range of biotic and abiotic fac-
tors and are linked to overall metabolism. Although limited to cell 
dimensions, the analysis demonstrates that this could be one of 
the key factors affecting changes in blood oxygenation required by 
different life histories in different habitats. It would be interesting 
to extend this analysis to determine whether factors, such as alti-
tude, diving or sustained activity, also affect other key aspects of 
Lepidosaurian haematology, for example, haematocrit and haemo-
globin concentration.

ACKNOWLEDG EMENTS
We are grateful to the two reviewers (Diogo Provete & Shai Meiri) 
whose valuable comments really benefitted the manuscript.

CONFLIC T OF INTERE S T
The authors have no conflict of interest to declare.

AUTHOR CONTRIBUTIONS
CDS conceived the ideas and analysed the data; ZP and CDS col-
lected the data; CDS and DCD led the writing of the manuscript. All 
authors contributed critically to the drafts and gave final approval 
for publication.

F I G U R E  5  The relationship between erythrocyte area (µm2) 
and (a) foraging mode (active or ambush foraging) and (b) mean 
recorded body temperature (degrees Celsius) across Lepidosauria

100

200

Active Foraging Ambush Foraging
Foraging mode

Er
yt

hr
oc

yt
e

ar
ea

(µ
m

2 )

50

100

150

200

250

25 30 35 40 45
Mean body temperature (°C)

Er
yt

hr
oc

yt
e

ar
ea

(µ
m

2 )
(a)

(b)



716  |    PENMAN Et Al.

PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1111/jeb.14004.

OPEN RE SE ARCH BADG E S

This article has been awarded Open Materials, Open Data, Badges. 
All materials and data are publicly accessible via the Open Science 
Framework at https://doi.org/10.6084/m9.figsh are.19328 945.v1.

DATA AVAIL ABILIT Y S TATEMENT
Data and R code are available at FigShare (https://doi.org/10.6084/
m9.figsh are.19328 945.v1). All data are taken from available sources.

ORCID
D. Charles Deeming  https://orcid.org/0000-0002-9587-6149 
Carl D. Soulsbury  https://orcid.org/0000-0001-8808-5210 

R E FE R E N C E S
Albergotti, L. C., & Guillette, L. J. Jr (2011). Viviparity in reptiles: 

Evolution and reproductive endocrinology. In D. O. Norris, & K. 
H. Lopez Hormones and reproduction of vertebrates Vol 3, (pp. 247– 
275). Academic Press.

Anderson, H. (1966). Physiological adaptations to diving in vertebrates. 
Physiological Reviews, 46, 212– 243.

Andrews, R. M. (2002). Low oxygen: a constraint on the evolution of 
viviparity in reptiles. Physiological and Biochemical Zoology, 75, 
145– 154.

Andrews, R. M., & Schwarzkopf, L. (2012). Thermal performance of squa-
mate embryos with respect to climate, adult life history, and phy-
logeny. Biological Journal of the Linnean Society, 106, 851– 864.

Arango, B. G., Harfush- Meléndez, M., Marmolejo- Valencia, J. A., 
Merchant- Larios, H., & Crocker, D. E. (2021). Blood oxygen stores 
of olive ridley sea turtles, Lepidochelys olivacea are highly variable 
among individuals during Arribada nesting. Journal of Comparative 
Physiology B, 191, 185– 194.

Atatür, M. K., Arikan, H., & Çevik, I. E. (1999). Erythrocyte sizes of some 
anurans from Turkey. Turkish Journal of Zoology, 23, 111– 114.

Beuchat, C. A., & Vleck, D. (1990). Metabolic consequences of viviparity 
in a lizard, Sceloporus jarrovi. Physiological Zoology, 63, 555– 570.

Blackburn, D. G., & Stewart, J. R. Jr (2011). Viviparity and placentation 
in snakes. In D. Sever, & R. Aldridge (Eds.), Reproductive biology and 
phylogeny of snakes (pp. 119– 181). CRC Press.

Brischoux, F., Gartner, G. E., Garland, T. Jr, & Bonnet, X. (2011). Is aquatic 
life correlated with an increased hematocrit in snakes? PLoS One, 
6(2), e17077.– https://doi.org/10.1371/journ al.pone.0017077

Bury, S., Bury, A., Sadowska, E. T., Cichoń, M., & Bauchinger, U. (2019). 
More than just the numbers— contrasting response of snake eryth-
rocytes to thermal acclimation. Science Nature, 106, 24.

Clark, T. D., Butler, P. J., & Frappell, P. B. (2006). Factors influencing the 
prediction of metabolic rate in a reptile. Functional Ecology, 20, 
105– 113.

Costa, G. C., Vitt, L. J., Pianka, E. R., Mesquita, D. O., & Colli, G. R. 
(2008). Optimal foraging constrains macroecological patterns: 
body size and dietary niche breadth in lizards. Global Ecology and 
Biogeography, 17, 670– 677.

Czarnoleski, M., Labecka, A. M., Starostová, Z., Sikorska, A., Bonda- 
Ostaszewska, E., Woch, K., Kubička, L., Kratochvíl, L., & Kozlowski, 
J. (2017). Not all cells are equal: effects of temperature and sex 

on the size of different cell types in the Madagascar ground gecko 
Paroedura picta. Biology Open, 6, 1149– 1154.

Davis, A. K. (2008). Ontogenetic changes in erythrocyte morphology in 
larval mole salamanders, Ambystoma talpoideum, measured with 
image analysis. Comparative Clinical Pathology, 17, 23– 28.

Davis, R. W. (2014). A review of the multi- level adaptations for maximiz-
ing aerobic dive duration in marine mammals: from biochemistry to 
behavior. Journal of Comparative Physiology B, 184, 23– 53.

Feder, M. E. (1980). Blood oxygen stores in the file snake, Acrochordus 
granulatus, and in other marine snakes. Physiological Zoology, 53, 
394– 401.

Feldman, A., Bauer, A. M., Castro- Herrera, F., Chirio, L., Das, I., Doan, 
T. M., Maza, E., Meirte, D., de Campos Nogueira, C., Nagy, Z. T., & 
Torres- Carvajal, O. (2015). The geography of snake reproductive 
mode: a global analysis of the evolution of snake viviparity. Global 
Ecology and Biogeography, 24, 1433– 1442.

Feldman, A., Sabath, N., Pyron, R. A., Mayrose, I., & Meiri, S. (2016). 
Body sizes and diversification rates of lizards, snakes, amphis-
baenians and the tuatara. Global Ecology and Biogeography, 25, 
187– 197.

Ferguson, J. H., & Thornton, R. M. (1984). Oxygen storage capacity and 
tolerance of submergence of a non- aquatic reptile and an aquatic 
reptile. Comparative Biochemistry and Physiology Part A, Physiology, 
77, 183– 187.

Foster, C. S., Thompson, M. B., Van Dyke, J. U., Brandley, M. C., & 
Whittington, C. M. (2020). Emergence of an evolutionary innova-
tion: gene expression differences associated with the transition 
between oviparity and viviparity. Molecular Ecology, 29, 1315– 1327. 
https://doi.org/10.1111/mec.15409

Foucart, T., Lourdais, O., DeNardo, D. F., & Heulin, B. (2014). Influence 
of reproductive mode on metabolic costs of reproduction: insight 
from the bimodal lizard Zootoca vivipara. Journal of Experimental 
Biology, 217, 4049– 4056.

Freckleton, R. P., Harvey, P. H., & Pagel, M. (2002). Phylogenetic analysis 
and comparative data: a test and review of evidence. The American 
Naturalist, 160, 712– 726.

Frýdlová, P., Hnízdo, J., Chylíková, L., Šimková, O., Cikánová, V., 
Velenský, P., & Daniel Frynta, D. (2013). Morphological charac-
teristics of blood cells in monitor lizards: is erythrocyte size linked 
to actual body size? Integrative Zoology, 8, 39– 45. https://doi.
org/10.1111/j.1749- 4877.2012.00295.x

Garcia- Porta, J., Irisarri, I., Kirchner, M., Rodríguez, A., Kirchhof, S., 
Brown, J. L., MacLeod, A., Turner, A. P., Ahmadzadeh, F., Albaladejo, 
G., & Crnobrnja- Isailovic, J. (2019). Environmental temperatures 
shape thermal physiology as well as diversification and genome- 
wide substitution rates in lizards. Nature Communications, 10, 1– 12.

Glaudas, X., Glennon, K. L., Martins, M., Luiselli, L., Fearn, S., Trembath, 
D. F., Jelić, D., & Alexander, G. J. (2019). Foraging mode, relative 
prey size and diet breadth: A phylogenetically explicit analysis 
of snake feeding ecology. Journal of Animal Ecology, 88, 757– 767. 
https://doi.org/10.1111/1365- 2656.12972

González- Morales, J. C., Quintana, E., Díaz- Albiter, H., Guevara- Fiore, 
P., & Fajardo, V. (2015). Is erythrocyte size a strategy to avoid hy-
poxia in Wiegmann’s torquate lizards (Sceloporus torquatus)? Field 
evidence. Canadian Journal of Zoology, 93, 377– 382.

González- Morales, J. C., Beamonte- Barrientos, R., Bastiaans, E., 
Guevara- Fiore, P., Quintana, E., & Fajardo, V. (2017). A mountain 
or a plateau? hematological traits vary nonlinearly with altitude in a 
highland lizard. Physiological and Biochemical Zoology, 90, 638– 645.

Goodman, R. M., & Heah, T. P. (2010). Temperature- induced plasticity 
at cellular and organismal levels in the lizard Anolis carolinensis. 
International Zoology, 5, 208– 217.

Gregory, T. R. (2000). Nucleotypic effects without nuclei: genome size 
and erythrocyte size in mammals. Genome, 43, 895– 901. https://
doi.org/10.1139/g00- 069

https://publons.com/publon/10.1111/jeb.14004
https://publons.com/publon/10.1111/jeb.14004
https://doi.org/10.6084/m9.figshare.19328945.v1
https://doi.org/10.6084/m9.figshare.19328945.v1
https://doi.org/10.6084/m9.figshare.19328945.v1
https://orcid.org/0000-0002-9587-6149
https://orcid.org/0000-0002-9587-6149
https://orcid.org/0000-0001-8808-5210
https://orcid.org/0000-0001-8808-5210
https://doi.org/10.1371/journal.pone.0017077
https://doi.org/10.1111/mec.15409
https://doi.org/10.1111/j.1749-4877.2012.00295.x
https://doi.org/10.1111/j.1749-4877.2012.00295.x
https://doi.org/10.1111/1365-2656.12972
https://doi.org/10.1139/g00-069
https://doi.org/10.1139/g00-069


    |  717PENMAN Et Al.

Gregory, T. R. (2001). The bigger the C- value, the larger the cell: genome 
size and red blood cell size in vertebrates. Blood Cells, Molecules, and 
Diseases, 27, 830– 843.

Gregory, T. R. (2002). A bird's- eye view of the C- value enigma: genome size, 
cell size, and metabolic rate in the class Aves. Evolution, 56, 121– 130.

Guadarrama, S. S., Domínguez- Vega, H., Díaz- Albiter, H. M., Quijano, 
A., Bastiaans, E., Carrillo- Castilla, P., Manjarrez, J., Gómez- Ortíz, 
Y., & Fajardo, V. (2020). Hypoxia by altitude and welfare of captive 
beaded lizards (Heloderma horridum) in Mexico: Hematological ap-
proaches. Journal of Applied Animal Welfare Science, 23, 74– 82.

Haas, M., & Janiga, M. (2020). Variation in erythrocyte morphology in 
alpine accentors (Prunella collaris Scop.) from Tian Shan, Rila and 
the High Tatra mountains and effects of molting. European Zoology 
Journal, 87, 475– 488.

Hadfield, J. D. (2010). MCMC methods for multi- response generalized 
linear mixed models: the MCMCglmm R package. The Journal of 
Statistical Software, 33, 1– 22.

Hartman, F. A., & Lesser, M. A. (1963). Erythrocyte size in birds. The Auk, 
80, 467– 473.

Hartman, F. A., & Lesser, M. A. (1964). Erythrocyte measurements in 
fishes, amphibia, and reptiles. Biological Bulletin, 126, 83– 88.

Hawkey, C. M., Bennett, P. M., Gascoyne, S. C., Hart, M. G., & Kirkwood, 
J. K. (1991). Erythrocyte size, number and haemoglobin content in 
vertebrates. The British Journal of Haematology, 77, 392– 397.

Holland, R. A. B., & Forster, R. E. (1966). The effect of size of red cells on 
the kinetics of their oxygen uptake. Journal of General Physiology, 
49, 727– 742.

Ingermann, R. I., Berner, N. J., & Ragsdale, F. R. (1991). effect of preg-
nancy and temperature on red cell oxygen- affinity in the vivipa-
rous snake Thamnophis elegans. Journal of Experimental Biology, 156, 
399– 406.

Ingermann, R. L., & Terwilliger, R. C. (1982). Blood parameters and fa-
cilitation of maternal- fetal oxygen transfer in a viviparous fish 
(Embiotoca lateralis). Comparative Biochemistry and Physiology Part 
A, Physiology, 73, 497– 501.

Jackson, A. G., Leu, S. Y., Ford, N. B., & Hicks, J. W. (2015). Patterns of ox-
ygen consumption during simultaneously occurring elevated meta-
bolic states in the viviparous snake Thamnophis marcianus. Journal 
of Experimental Biology, 218, 3570– 3579.

Janiga, M., Haas, M., & Kufelová, M. (2017). Age, sex and seasonal vari-
ation in the shape and size of erythrocytes of the alpine accentor, 
Prunella collaris (Passeriformes: Prunellidae). European Zoology 
Journal, 84, 583– 590.

Jegede, H. O., Olaifa, F. H., Adah, A. S., Adah, A. D., & Omobowale, T. 
O. (2020). Erythrocyte osmotic fragility and erythrocyte sizes for 
captive African rock pythons (Python sebae). Comparative Clinical 
Pathology, 29, 317– 320. https://doi.org/10.1007/s0058 0- 019- 
03064 - 0

Jones, D. A. (1979). The importance of surface area/volume ratio to the 
uptake of oxygen by red cells. Journal of General Physiology, 74, 
643– 646.

Kostelecka- Myrcha, A., & Chołostiakow- Gromek, J. (2001). Body mass 
dependence of the haemoglobin content to surface area ratio of 
avian erythrocytes. Acta Ornithologica, 36, 123– 128.

Kozłowski, J., Konarzewski, M., & Czarnoleski, M. (2020). Coevolution of 
body size and metabolic rate in vertebrates: a life- history perspec-
tive. Biological Reviews, 95, 1393– 1417.

Lahnsteiner, F. (2021). Erythrocyte morphometry in teleost fish— 
Species- specific, inter- individual and environmental- related differ-
ences. Acta Zoology, 102, 237– 247.

Laird, M. K., Thompson, M. B., & Whittington, C. M. (2019). Facultative 
oviparity in a viviparous skink (Saiphos equalis). Biology Letters, 15, 
20180827.

Lay, P. A., & Baldwin, J. (1999). What determines the size of teleost eryth-
rocytes? Correlations with oxygen transport and nuclear volume. 
Fish Physiology and Biochemistry, 20, 31– 35.

Lourdais, O., Gartner, G. E., & Brischoux, F. (2014). Ambush or active life: 
foraging mode influences haematocrit levels in snakes. Biological 
Journal of the Linnean Society, 111, 636– 645.

Lu, S., Xin, Y., Tang, X., Yue, F., Wang, H., Bai, Y., Niu, Y., & Chen, Q. (2015). 
Differences in hematological traits between high-  and low- altitude 
lizards (genus Phrynocephalus). PLoS One, 10, e0125751.

Lutz, P. L., & Bentley, T. B. (1985). Respiratory physiology of diving in the 
sea turtle. Copeia, 1985, 671– 679.

Ma, L., Buckley, L. B., Huey, R. B., & Du, W. G. (2018). A global test of the 
cold- climate hypothesis for the evolution of viviparity of squamate 
reptiles. Global Ecology and Biogeography, 27, 679– 689.

Martins, B. O., Franco- Belussi, L., Siqueira, M. S., Fernandes, C. E., 
& Provete, D. B. (2021). The evolution of red blood cell shape in 
fishes. Journal of Evolutionary Biology, 34, 537– 548. https://doi.
org/10.1111/jeb.13757

Mehri, R., Mavriplis, C., & Fenech, M. (2018). Red blood cell aggregates 
and their effect on non- Newtonian blood viscosity at low hema-
tocrit in a two- fluid low shear rate microfluidic system. PLoS One, 
13(7), e0199911. https://doi.org/10.1371/journ al.pone.0199911

Meiri, S. (2018). Traits of lizards of the world: variation around a suc-
cessful evolutionary design. Global Ecology and Biogeography, 27, 
1168– 1172.

Meiri, S., Avila, L., Bauer, A. M., Chapple, D. G., Das, I., Doan, T. M., 
Doughty, P., Ellis, R., Grismer, L., Kraus, F., & Morando, M. (2020a). 
The global diversity and distribution of lizard clutch sizes. Global 
Ecology and Biogeography, 29, 1515– 1530.

Meiri, S., Feldman, A., Schwarz, R., & Shine, R. (2020b). Viviparity does 
not affect the numbers and sizes of reptile offspring. Journal of 
Animal Ecology, 89, 360– 369.

Millard, R. W., & Johansen, K. (1974). Ventricular outflow dynamics in 
a lizard, Varanus niloticus -  Responses to hypoxia, hypercarbia and 
diving. Journal of Experimental Biology, 60, 871– 880.

Minias, P. (2020). Ecology and evolution of blood oxygen- carrying capac-
ity in birds. The American Naturalist, 195, 788– 801.

Monge, C., & Leon- Velarde, F. (1991). Physiological adaptation to high 
altitude: Oxygen transport in mammals and birds. Physiological 
Reviews, 71, 1135– 1172.

Mueller, R. L., Gregory, T. R., Gregory, S. M., Hsieh, A., & Boore, J. L. 
(2008). Genome size, cell size, and the evolution of enucle-
ated erythrocytes in attenuate salamanders. Zoology (Jena), 111, 
218– 230.

Munns, S., & Daniels, C. (2007). Breathing with big babies: ventilation 
and oxygen consumption during pregnancy in the lizard Tiliqua ru-
gosa. Physiological and Biochemical Zoology, 80, 35– 45.

Navas, C. A., & Chauí- Berlinck, J. G. (2007). Respiratory physiology of 
high- altitude anurans: 55 years of research on altitude and oxygen. 
Respiratory Physiology & Neurobiology, 158, 307– 313.

Ojkic, N., Serbanescu, D., & Banerjee, S. (2019). Surface- to- volume scal-
ing and aspect ratio preservation in rod- shaped bacteria. Elife, 8, 
e47033. https://doi.org/10.7554/eLife.47033

Pincheira- Donoso, D., Jara, M., Reaney, A., García- Roa, R., Saldarriaga- 
Córdoba, M., & Hodgson, D. J. (2017). Hypoxia and hypothermia as 
rival agents of selection driving the evolution of viviparity in lizards. 
Global Ecology and Biogeography, 26, 1238– 1246.

Pis, T. (2008). Resting metabolic rate and erythrocyte morphology in 
early development of thermoregulation in the precocial grey par-
tridge (Perdix perdix). Comparative Biochemistry and Physiology Part 
A, Physiology, 151, 211– 218.

Plummer, M., Best, N., Cowles, K., & Vines, K. (2006). CODA: conver-
gence diagnosis and output analysis for MCMC. R News, 6, 7– 11.

Promislow, D. E. (1991). The evolution of mammalian blood parame-
ters: patterns and their interpretation. Physiological Zoology, 64, 
393– 431.

Pyron, R. A., & Burbrink, F. T. (2014). Early origin of viviparity and mul-
tiple reversions to oviparity in squamate reptiles. Ecology Letters, 
17, 13– 21.

https://doi.org/10.1007/s00580-019-03064-0
https://doi.org/10.1007/s00580-019-03064-0
https://doi.org/10.1111/jeb.13757
https://doi.org/10.1111/jeb.13757
https://doi.org/10.1371/journal.pone.0199911
https://doi.org/10.7554/eLife.47033


718  |    PENMAN Et Al.

R Core Team (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R- proje 
ct.org/

Rafferty, A. R., Evans, R. G., Scheelings, T. F., & Reina, R. D. (2013). 
Limited oxygen availability in utero may constrain the evolution of 
live birth in reptiles. American Naturalist, 181, 245– 253.

Recknagel, H., Carruthers, M., Yurchenko, A. A., Nokhbatolfoghahai, M., 
Kamenos, N. A., Bain, M. M., & Elmer, K. R. (2021). The functional 
genetic architecture of egg- laying and live- bearing reproduction in 
common lizards. Nature Ecology: Evolution, 5, 1546– 1556. https://
doi.org/10.1038/s4155 9- 021- 01555 - 4

Robert, K. A., & Thompson, M. B. (2000). Energy consumption by em-
bryos of a viviparous lizard, Eulamprus tympanum, during develop-
ment. Comparative Biochemistry and Physiology, 127, 481– 486.

Samaja, M., Crespi, T., Guazzi, M., & Vandergriff, K. D. (2003). Oxygen 
transport in blood at high altitude: Role of the hemoglobin- 
oxygen affinity and impact of the phenomena related to he-
moglobin allosterism and red cell function. European Journal of 
Applied Physiology, 90, 351– 359. https://doi.org/10.1007/s0042 
1- 003- 0954- 8

Savage, V. M., Allen, A. P., Brown, J. H., Gillooly, J. F., Herman, A. B., 
Woodruff, W. H., & West, G. B. (2007). Scaling of number, size, and 
metabolic rate of cells with body size in mammals. Proceedings of 
the National Academy of Sciences of the United States of America, 104, 
4718– 4723.

Scharf, I., Feldman, A., Novosolov, M., Pincheira- Donoso, D., Das, I., 
Böhm, M., Uetz, P., Torres- Carvajal, O., Bauer, A., Roll, U., & Meiri, 
S. (2015). Late bloomers and baby boomers: ecological drivers of 
longevity in squamates and the tuatara. Global Ecol. Biogeog, 24, 
396– 405.

Schultz, T. J., Webb, J. K., & Christian, K. A. (2008). The physiological cost 
of pregnancy in a tropical viviparous snake. Copeia, 2008, 637– 642.

Seymour, R. S., & Webster, M. E. D. (1975). Gas transport and blood acid- 
base balance in diving sea snakes. Journal of Experimental Zoology, 
191, 169– 181.

Slavenko, A., Feldman, A., Allison, A., Bauer, A. M., Böhm, M., Chirio, L., 
Colli, G. R., Das, I., Doan, T. M., LeBreton, M., & Martins, M. (2019). 
Global patterns of body size evolution in squamate reptiles are not 
driven by climate. Global Ecology and Biogeography, 28, 471– 483.

Snyder, G. K., & Sheafor, B. A. (1999). Red blood cells: centerpiece in the 
evolution of the vertebrate circulatory system. American Zoologist, 
39, 189– 198.

Soulsbury, C. D., Dobson, J., Deeming, D. C., & Minias, P. (2022). Energetic 
lifestyle drives size and shape of avian erythrocytes. Integrative and 
Comparative Biology, 62. https://doi.org/10.1093/icb/icab195

Starostová, Z., Konarzewski, M., Kozłowski, J., & Kratochvíl, L. (2013). 
Ontogeny of metabolic rate and red blood cell size in eyelid geckos: 

species follow different paths. PLoS One, 8, e64715. https://doi.
org/10.1371/journ al.pone.0064715

Starostová, Z., Kratochvíl, L., & Frynta, D. (2005). Dwarf and giant geckos 
from the cellular perspective: the bigger the animal, the bigger its 
erythrocytes? Functional Ecology, 19, 744– 749.

Starostová, Z., Kubička, L., Konarzewski, M., Kozłowski, J., & Kratochvíl, 
L. (2009). Cell size but not genome size affects scaling of metabolic 
rate in eyelid geckos. American Naturalist, 174, E100– E105.

Stewart, J. R., & Blackburn, D. G. (1988). Reptilian placentation: struc-
tural diversity and terminology. Copeia, 1988, 839– 852.

Thompson, M. B., & Speake, B. K. (2006). A review of the evolution of 
viviparity in lizards: structure, function and physiology of the pla-
centa. Journal of Comparative Physiology B, 176, 179– 189.

Tonini, J. F. R., Beard, K. H., Ferreira, R. B., Jetz, W., & Pyron, R. A. (2016). 
Fully- sampled phylogenies of squamates reveal evolutionary pat-
terns in threat status. Biological Conservation, 204, 23– 31.

Watson, C. M., & Cox, C. L. (2021). Elevation, oxygen, and the origins of 
viviparity. The Journal of Experimental Zoology Part B: Molecular and 
Developmental Evolution, 336, 457– 469.

Weber, R. E. (2007). High- altitude adaptations in vertebrate hemoglo-
bins. Respiratory Physiology & Neurobiology, 158, 132– 142.

Wells, R. M. G., & Baldwin, J. (1990). Oxygen transport potential in tropi-
cal reef fish with special reference to blood viscosity and haemato-
crit. Journal of Experimental Marine Biology and Ecology, 41, 131– 143.

Wickham, L. L., Elsner, R., White, F. C., & Cornell, L. H. (1989). Blood 
viscosity in phocid seals: possible adaptations to diving. Journal of 
Comparative Physiology B, 159, 153– 158.

Wiens, J. J., Brandley, M. C., & Reeder, T. W. (2006). Why does a trait 
evolve multiple times within a clade? Repeated evolution of snake-
like body form in squamate reptiles. Evolution, 60, 123– 141. https://
doi.org/10.1554/05- 328.1

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Penman, Z., Deeming, D. C., & 
Soulsbury, C. D. (2022). Ecological and life- history correlates of 
erythrocyte size and shape in Lepidosauria. Journal of 
Evolutionary Biology, 35, 708– 718. https://doi.org/10.1111/
jeb.14004

https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1038/s41559-021-01555-4
https://doi.org/10.1038/s41559-021-01555-4
https://doi.org/10.1007/s00421-003-0954-8
https://doi.org/10.1007/s00421-003-0954-8
https://doi.org/10.1093/icb/icab195
https://doi.org/10.1371/journal.pone.0064715
https://doi.org/10.1371/journal.pone.0064715
https://doi.org/10.1554/05-328.1
https://doi.org/10.1554/05-328.1
https://doi.org/10.1111/jeb.14004
https://doi.org/10.1111/jeb.14004

	Ecological and life-history correlates of erythrocyte size and shape in Lepidosauria
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Data collection: Erythrocyte size
	2.2|Data collection: Species ecology and natural history
	2.3|Data processing and statistical analysis

	3|RESULTS
	3.1|General patterns of erythrocyte size
	3.2|Effect of diving, altitude and reproductive mode on erythrocyte size
	3.3|Foraging, body temperature and erythrocyte size

	4|DISCUSSION
	4.1|Body mass effects
	4.2|Altitude and climatic effects on erythrocyte size
	4.3|Life history and behaviour

	5|CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	PEER REVIEW
	OPEN RESEARCH BADGES
	DATA AVAILABILITY STATEMENT

	REFERENCES


