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SUMMARY 

 

Aerobic metabolism is the main source of energy for most living organisms, thus it represents 

the major part of the energy budget. Metabolic rate is characterized by high phenotypic 

flexibility in response to environmental conditions, that allows to cope with spatial and temporal 

variation of the environment. Ambient temperature is one of the most potent factors shaping 

the variation in metabolic rate, particularly in ectotherms that exhibit a clear and positive 

thermal dependence of aerobic metabolism. In my doctoral research, I aimed to investigate how 

thermal environment shapes the mechanism potentially underlying oxygen uptake and the 

oxidative costs of metabolic rate in an ectotherm model, the European grass snake (Natrix 

natrix).  

Erythrocytes are the key elements of the oxygen delivery system in vertebrates. In Article I, I 

have indicated that flexibility in erythrocyte size is likely to govern oxygen delivery under high 

metabolic rate in warm-acclimated snakes. Specifically, warm-acclimated snakes expressed 

lower number of erythrocytes and haemoglobin concentration despite high oxygen 

requirements. Such effect indicates an optimization in blood viscosity towards high circulation 

rate. Lower haemoglobin content and number of erythrocytes could be compensated through 

improved oxygen uptake and delivery of smaller cells, due to their higher relative membrane 

surface. In turn, larger cells are cheaper to be maintained when metabolic rate is low in colder 

conditions. 

An inevitable cost of aerobic metabolism is related to the emission of reactive oxygen species 

(ROS), that cause damage to essential cellular structures, e.g. DNA, membranes. In Article II, 

I have found that generally expected positive relationship occurs at the level of circulating 

oxidative damage. DNA damage seems independent to standard metabolic rate (SMR), which 

can be interpreted in terms of upregulation in defence mechanisms. My study indicates that 

such DNA protection could act through increased cellular turnover, rather than commonly 

evoked antioxidants.  

Interestingly, in Paper III I have shown that exposure to high temperatures results in lower 

amounts of damage, despite elevated SMR. This suggests that temperature entails additional 

effect that overrides positive impact of SMR on the oxidative stress. Such a high level of 

oxidative damage at low temperature can represent another temperature-mediated physiological 

mechanism that ‘slows down’ ectotherm life histories. 
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STRESZCZENIE 

 

Metabolizm tlenowy to podstawowe źródło energii i główna składowa budżetu energetycznego 

większości żywych organizmów. Tempo metabolizmu jest cechą o znacznej elastyczności 

fenotypowej w odpowiedzi na zmienne warunki środowiska. Czynnikiem środowiskowym o 

decydującym wpływie na tempo metabolizmu jest temperatura, a jej wpływ na poziom 

metabolizmu tlenowego jest szczególnie widoczny u organizmów ektotermicznych. Pozytywna 

zależność tempa metabolizmu od temperatury obserwowana u ektotermów ma podstawowe 

znaczenie ekologiczne i ewolucyjne z uwagi na ogromną zmienność warunków termicznych w 

czasie i przestrzeni. W mojej pracy doktorskiej skupiłem się na wpływie temperatury otoczenia 

na mechanizmy kształtujące poziom zużycia tlenu oraz koszty metabolizmu tlenowego u 

zaskrońca zwyczajnego (Natrix natrix), reprezentującego lądowe kręgowce ektotermiczne. 

Kluczowym elementem systemu transportującego tlen w organizmie są erytrocyty. Wyniki 

zaprezentowane Artykule I mojej rozprawy sugerują, że elastyczność wielkości tych komórek 

może pełnić decydującą rolę w dostarczaniu tlenu do tkanek. Węże aklimowane do wysokiej 

temperatury cechowały się obniżoną liczbą komórek i stężeniem hemoglobiny, pomimo 

wysokiego zapotrzebowania na tlen. Zmiany te wskazują na optymalizację lepkości krwi w 

odpowiedzi na zwiększone tempo przepływu krwi. Obniżona liczba komórek i zawartość 

hemoglobiny mogą być kompensowane efektywniejszym pobieraniem i oddawaniem tlenu, 

dzięki większej relatywnej powierzchni błony mniejszy komórek. Z kolei większy rozmiar 

komórek obniża ich koszty utrzymania w niskiej temperaturze. 

Nieuniknionym kosztem metabolizmu tlenowego jest produkcja reaktywnych form tlenu, 

uszkadzających kluczowe struktury komórkowe, np. DNA i błony. W Artykule II wykazałem 

pozytywną korelację standardowego tempa metabolizmu (standard metabolic rate – SMR) i 

uszkodzeń oksydacyjnych oznaczonych w osoczu krwi. Zależność ta nie jest obserwowalna na 

poziomie uszkodzeń DNA, co może wynikać z lepszej ochrony DNA niż innych biomolekuł. 

Moje badania sugerują, że akumulacji uszkodzeń DNA zapobiega raczej ich usuwanie, a nie 

zdolność antyoksydacyjna.  

W Artykule III wykazałem, że aklimacja do wysokiej temperatury skutkuje obniżonym 

poziomem uszkodzeń oksydacyjnych, pomimo wyższego tempa metabolizmu. Może to 

wskazywać dodatkowy efekt temperatury na poziom uszkodzeń. Obok spowolnionego tempa 



5 
 

metabolizmu, podniesiony poziom uszkodzeń w niskiej temperaturze można interpretować jako 

dodatkowy czynniki fizjologiczny negatywnie wpływający na trajektorie historii życiowych. 
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GENERAL INTRODUCTION 

 

Aerobic metabolism is the primary source of energy for most living organisms, therefore 

represents the major part of the energy budget (Hammond and Diamond 1997). As such, the 

rate of aerobic metabolism is tightly coupled to the resource acquisition, processing and 

allocation to growth, maintenance, reproduction and other energy-demanding processes 

(Niewiarowski 2011; Adolph and Porter 1996). Comparative and experimental data indicate 

that the variation in metabolic rate is even associated with the evolution of energy costly 

structures and processes, such as the brain size (Isler and Van Schaik 2005), immune system 

(Raberg et al. 2002) and reproductive output (Lardies and Bozinovic 2006). At the individual’s 

scale, metabolic rate can be predicted to define the capacity to cope with challenging conditions 

that impose different energetic costs of self-maintenance (Auer et al. 2015). Indeed, empirical 

studies show an extreme flexibility of the metabolic rate rapidly adjusting to changes in 

extrinsic and intrinsic conditions (Hopkins et al. 2004; Ladyman et al. 2003; Tsuji 1988) and 

thus contributing to the individual’s fitness (Naya et al. 2008). Among extrinsic factors ambient 

temperature is one of the keys to impact the metabolic rate because temperature defines the rate 

of biochemical processes, including those that are involved in energy production. This is 

particularly marked in ectotherms, characterized by a clear and positive thermal dependence of 

the metabolic rate, which has been well documented by a vast body of research performed on 

wide range of ectotherm species (Irlich et al. 2009; Andrews and Pough 1985). Strong and 

positive temperature-metabolic rate relationship in ectotherms is also highly ecologically 

relevant considering clear spatial and temporal variation in ambient temperature.  

One of the key questions in environmental physiology are related to the mechanisms 

that shape the variation in metabolic rate and costs of different levels of energy expenditure. 

This is particularly relevant when considering high flexibility of ectotherm metabolic rate in 

response to ambient temperature. For example decrease in ambient temperature by 10℃ 

commonly result in two-three times reduced standard metabolic rate (SMR) (Stuginski et al. 

2018), while winter-driven decrease in temperature induces vast drop in metabolic rate to the 

level resembling metabolic depression (Christian et al. 1999). Such different levels of metabolic 

rate must be mirrored in mechanisms governing oxygen uptake and delivery to the tissues, but 

also in the costs associated with different levels of the oxygen consumption rate.   

 



7 
 

Animals have evolved a wide range of adaptations that allow them to adjust oxygen 

uptake and delivery to energy requirements. These traits include breathing rate, lung surface 

and size, heart rate and structure, stroke volume, vessel density etc. (Konarzewski and Książek 

2012). One of the key components of the system responsible for oxygen uptake and delivery 

are red blood cells, the erythrocytes (Nikinmaa 2012). Erythrocytes are present in almost all 

vertebrate taxa and are directly responsible for oxygen uptake in lungs or gill, and for the 

oxygen delivery through bloodstream to tissues and cells (Nikinmaa 2012). The amount of 

oxygen bound in a given blood volume depends positively on the density of erythrocytes 

(expressed as hematocrit and erythrocyte number) as well as haemoglobin content (Svanson 

1990). Intuitively high level of metabolic rate should be mirrored in high values of erythrocyte 

number, hematocrit and hemoglobin concentration (Graham et al. 1985). Therefore, 

acclimation to energy-demanding temperatures can be predicted to elevate mentioned 

hematological variables to secure sufficient oxygen supply. This prediction is, however, not 

met in terrestrial ectotherms, i.e. reptiles, because exposure to energetically costly high 

temperature was shown to decrease, rather than elevate, the amounts of erythrocytes and 

hemoglobin in rattlesnakes (MacMahon and Harmer 1975). The possible significance of such 

a response in the context of oxygen delivery remains unknown. Noteworthy, mentioned study 

neglects an important erythrocyte variable, the cell size, that could help to understand changes 

in other haematological variables. According to the optimal cell size concept smaller cells are 

more efficient in uptake and release of substances - including oxygen in the case of erythrocytes 

(Starostova et al. 2013) - due to higher relative membrane surface (Kozłowski et al. 2003). 

Therefore, erythrocytes can be predicted to shrink under higher metabolic in association with 

warm-acclimation (Czarnołęski et al. 2017) and such response could represent a compensation 

for lower amounts of erythrocytes and hemoglobin recorded previously in rattlesnakes. 

Aerobic metabolism is not only the source of energy necessary for an organism to 

function, but also produces a harmful side-products, the reactive oxygen species (ROS). 

Released ROS may lead to the oxidative stress (Schieber and Chandel 2014), i.e. damage to 

biomolecules and cell structures, key for optimal cell functioning, e.g. DNA, proteins, 

membranes (Sedelnikova et al. 2010). Such damage represents substantial costs as it impairs 

pivotal cell properties and it is even suggested that the oxidative stress may accelerate the rate 

of aging and affect life history trajectories (McGraw et al. 2010, Harman 1956). It is commonly 

predicted that the SMR is positively related to the amount of released ROS and subsequent 

damage or antioxidant capacity because ROS are generated in mitochondria during oxidative 
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phosphorylation (Muller et al. 2004; Barja 1999). Similarly, a positive effect of temperature on 

oxidative stress can be predicted for ectotherms, based on tight and positive association of 

environmental temperature and metabolic rate. Surprisingly, both, the association of SMR and 

oxidative stress indices as well as the impact of thermal acclimation on metabolic-rate mediated 

oxidative stress are poorly recognized. Such studies are, however, particularly needed 

considering that SMR represents a steady component of the energy budget (Peterson et al. 

1990), while temperature is the major driver of the variation in reptile SMR and exhibits high 

spatial and temporal heterogeneity. 

Both aspects, the mechanisms related to oxygen delivery through erythrocytes  represent 

the core focus of my doctoral research. In particular, I investigate (1) the impact of thermal 

acclimation on the variation in oxygen delivery system through erythrocyte-related variables, 

including the cell size; (2) the relationship between standard metabolic rate, damage and 

protection against damage; (3) the impact of thermal acclimation on the metabolic rate and its 

oxidative costs. All of my research has been conducted on the European grass snake (Natrix 

natrix), a temperate representative of terrestrial ectotherm vertebrates. 
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Abstract
Acclimation to lower temperatures decreases energy expenditure in ectotherms but increases oxygen consumption in
most endotherms, when dropped below thermoneutrality. Such differences should be met by adjustments in oxygen
transport through blood. Changes in hematological variables in correspondence to that in metabolic rates are,
however, not fully understood, particularly in non-avian reptiles. We investigated the effect of thermal acclimation
on a snake model, the grass snakes (Natrix natrix). After 6 months of acclimation to either 18 °C or 32 °C
hematocrit, hemoglobin concentration, erythrocyte number, and size were assessed. All variables revealed signifi-
cantly lower values under warm compared to cold ambient temperature. Our data suggest that non-avian reptiles,
similarly as birds, reduce erythrocyte fraction under energy-demanding temperatures. Due to low deformability of
nucleated erythrocytes in sauropsids, such reduced fraction may be important in decreasing blood viscosity to
optimize blood flow. Novel findings on flexible erythrocyte size provide an important contribution to this optimi-
zation process.

Keywords Temperature acclimation . Reptile . Ectotherm . Cell size . Nucleated erythrocytes

Introduction

Endotherms and ectotherms differ fundamentally in their
energy demands under different ambient temperatures.
In endotherms, maintenance of high body temperature
leads to increase in energy expenditure under cold re-
gimes, whereas ectotherms reduce their metabolic rate
with decreasing temperature (McNab 2002; Angilletta
2009). Such differences in metabolic rate to prevailing
environmental temperature have to be mirrored in un-
derlying physiology, especially in oxygen-carrying sys-
tem through erythrocytes in the bloodstream (Snyder

and Sheafor 1999). Considering the impact of ambient
temperature on the metabolic rate, the response of
erythrocyte-related parameters to ambient temperature
should follow an opposite pattern in ectotherms than
in endotherms. Intuitively, elevation in oxygen con-
sumption rate should be met by an increase in erythro-
cyte fraction in the blood, visible as, e.g., increase in
hematocrit (Graham et al. 1985). On the other hand,
hematocrit positively affects blood viscosity, and high
viscosi ty is a major l imitat ion to blood flow.
Therefore, highly elevated hematocrit may impair, rather
than facilitate, oxygen delivery (Birchard 1997). The
empirical data, however, support generally positive tra-
jectory of the association between oxygen consumption
rate and hematological variables, as cold-induced eleva-
tion in energy expenditure in mammals—representatives
of endotherms—is associated with an increase in hemat-
ocrit, erythrocyte number, and hemoglobin concentration
(Deveci et al. 2001; Rezende et al. 2009). In turn, low
temperature in fishes—being ectotherms—reduces the
rate of aerobic metabolism and also tends to decrease
hematological variables (Davis and Parker 1990; Martins
et al. 2011).
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The response in hematological variables to ambient
temperatures is less clear in sauropsids. Recent findings
in zebra finches suggest that birds—despite being
endotherms—reduce their hematocrit, number of eryth-
rocytes, and content of hemoglobin when acclimated to
cold temperatures below the thermoneutral zone
(Niedojadlo et al. 2018). Such response may be ex-
plained as an optimization in blood viscosity alleviating
physical constraints to blood flow imposed by poor
deformability of erythrocytes due to their nucleation
(Niedojadlo et al. 2018; Pough 1980). Even more coun-
terintuitive patterns seem to occur in non-avian reptiles
where an increase in hematological variables was ob-
served in response to cold acclimation, despite the
well-known effect of lowered metabolism at low tem-
peratures (MacMahon and Hamer 1975). Surprisingly,
such response has been reported in only a single study
on rattlesnakes (MacMahon and Hamer 1975) and a
potential explanation for the counterintuitive finding re-
mains undeveloped.

We aimed to study the response of hematological
variables, i.e., hematocrit, erythrocyte number, and he-
moglobin concentration, to temperature acclimation in
grass snake (Natrix natrix) and employed two tempera-
tures that impose different energy demands. The com-
mon prediction would be a positive effect of tempera-
ture on hematological variables, in response to the well-
established higher oxygen demand under high tempera-
ture. However, the single available study on a reptile
(MacMahon and Hamer 1975) suggests the contrary
and may indicate optimization of blood viscosity ac-
cording to the optimal hematocrit theory also in line
with recent f indings on birds (Birchard 1997;
Niedojadlo et al. 2018). Thus, we predicted a response
comparable to that of the rattlesnake (MacMahon and
Hamer 1975), but set focus on measurement of an ad-
ditional variable, previously neglected—the size of
erythrocyte. Cell size gained considerable attention in
recent years as a factor highly relevant to aerobic me-
tabolism (Kozlowski et al. 2003; Gregory 2002;
Starostová et al. 2009), but its association to other he-
matological variables in non-avian reptiles remains un-
known. Data on red blood cell size flexibility towards
thermal acclimation would greatly improve our under-
standing of the adjustments in oxygen-carrying system
to different energy demands. Accordingly, we predict
that erythrocytes will shrink at higher temperature.
Such a phenotypic flexibility could be linked to the
possible effect of lowering blood viscosity (Pough
1980; Snyder and Sears 2006) and high surface-to-
volume ratio of smaller cells, which may have a posi-
tive effect oxygen uptake and release (Yamaguchi et al.
1987; Kozlowski et al. 2003; Gregory 2002; Starostová

et al. 2009). Therefore, smaller cell size at high temper-
ature would compensate for the anticipated lower cell
number.

Methods

Adult grass snakes (Natrix natrix) were collected in the vicin-
ity of Kraków (S Poland) in late spring (June), during activity
period, after the hibernation and mating periods. The snakes
were placed separately in terraria (31 × 19.7 × 14.1 cm) under
25–26 °C, a photoperiod of 12L:12D, and ad libitum drinking
water and were fed once per week with dead rodents. After
1 month, the snakes were randomly assigned to two groups
acclimated to either 18 °C (n = 7) or 32 °C (n = 7). Both tem-
peratures lie within the thermal activity range for grass snake
(Eckstein 1993) which is considered the range of temperatures
that snakes choose in nature and can perform normally in
terms of, for example, shedding and foraging. Such tempera-
ture variation also imposes a 7-fold difference in oxygen con-
sumption (Bury et al. 2018). Snakes of both sexes (as deter-
mined by probing) were present in each experimental group (3
females and 4 males in cold-acclimation group, 4 females and
3 males in warm-acclimation group), but the effect of sex and
its interaction with treatment appeared non-significant.
Therefore, since sex did not interfere with experimental treat-
ment, we eventually removed it from final model to increase
the power of the test. We randomized the snakes with respect
to snout vent length (mean for warm-acclimated group 53.5 ±
6.49 cm and for cold-acclimated group 55 ± 7.11 cm; t = 0.41;
p = 0.69) and body mass (Bury et al. 2018); thus, both vari-
ables did not interfere with experimental treatment. In addi-
tion, we recorded body mass over the course of acclimation
and it did not differ between groups (Bury et al. 2018).

Following 6 months of acclimation, we collected blood
from postabsorptive (fasted for 2 weeks) snakes via
cardiocentesis, which is a non-lethal method for quick sam-
pling of non-sedated snakes (Isaza et al. 2004). Sampling was
performed without anesthesia to exclude a possible confound-
ing effect of anesthetics on hematological variables (Nikinmaa
2012). Hematocrit [%] was measured after microcapillary
centrifuging (Eickemeyer, Germany; spinning at 11,500 rpm
for 6 min) (Niedojadlo et al. 2018). Hemoglobin concentration
[g/l] was obtained using HemoCue AB (Angelholm, Sweden)
(Wack et al. 2012). Number of red blood cells [mln/μl] was
counted using Bürker’s hemocytometer chamber (Niedojadlo

�Fig. 1 Differences in hematological variables (least square means ± SE)
between two experimental groups acclimated to either cold (18 °C;N = 7)
or warm temperatures (32 °C;N = 7). aHematocrit (HCT). bHemoglobin
(HGB). c Red blood cell count (RBCcount). d Red blood cell size
(RBCarea). Asterisks indicate the level of significance (*p < 0.05;
**p < 0.01)
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et al. 2018). All measurements were performed in duplicate, if
possible, and the averaged values were used for further anal-
ysis. Air-dried blood smears were stained in hematoxylin and
eosin (Gill II Hematoxylin—Sigma-Aldrich, Germany; Eosin
Y—Analab, Poland) and the mean area of 40 mature erythro-
cytes was determined for each snake from light-microscopic
photographs taken under × 100 magnification (Czarnoleski
et al. 2017) using ImageJ software (imagej.nih.gov/ij/) that
was set to automatically measure cell area after image
thresholding. Data were analyzed using MANOVA to
investigate overall response of all measured variables with
univariate post hoc approach applied for each variable. In
addition, we have calculated mean cell hemoglobin (MCH;
hemoglobin content/cell number) and mean corpuscular he-
moglobin concentration (MCHC; hemoglobin content/hemat-
ocrit) for both groups. Both variables were compared among
groups using Mann–Whitney U test. We have also checked if
calculated mean cell volume (MCV; hematocrit/cell number)
correlates with the measured cell size separately in each ex-
perimental group.

Results

MANOVA revealed significant effects of temperature
acclimation on hematological variables (F4,9 = 4.914;
p = 0.022; the values for specific tests are 0.31 for
Wilks, 0.69 for Pillai, 2.18 for Hotelling, and 2.18 for
Roy). Univariate analyses showed that each of the four
variables revealed significantly lower values in warm-
acclimated snakes compared to cold-acclimated ones.
Mean hematocrit was 40% lower in warm compared to
cold-acclimated snakes (F1,12 = 10.29; p = 0.0075; Fig. 1
and supplementary data). Hemoglobin concentration was
on average lower by 39% under warm conditions in
comparison to cold conditions (F1,12 = 9.20; p = 0.0103;
Fig. 1 and supplementary data). Erythrocyte number re-
vealed the highest difference of 47% lower values in
warm-acclimated group compared to cold-acclimated
o n e s (F 1 , 1 2 = 11 . 6 6 ; p = 0 . 0 0 5 1 , F i g . 1 a n d
supplementary data). Erythrocyte size revealed on aver-
age 10% lower values in warm compared to cold-
acclimated snakes (F1,12 = 13.29; p = 0.0034; Fig. 1 and
supplementary data). Finally, mean cell hemoglobin ap-
peared not significantly different between groups (U =
24; N = 14; p = 1 and supplementary data) like also the
mean corpuscular hemoglobin concentration (U = 24;
N = 14; p = 1 and supplementary data). Calculated mean
cell volume appeared not affected by the treatment as
well (U = 22; N = 14; p = 0.8 and supplementary data)
but was not correlated to our measured cell size neither
in cold- (Spearman r = 0.14; p = 0.76) nor in warm-
acclimated snakes (Spearman r = − 0.25; p = 0.59).
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Discussion

We found clear differences in all four measured hematological
variables between snakes acclimated to warm or cold ambient
temperature (Fig. 1). The lower values for hematocrit, hemo-
globin concentration, and number of erythrocytes under high
compared to cold temperature are in line with previous find-
ings on rattlesnakes (Fig. 1a–c; MacMahon and Hamer 1975),
which indicates that the observed pattern may be repeatable in
non-avian reptiles. The change in reptilian erythrocyte size
due to thermal acclimation observed here, with smaller cells
in warm compared to cold-acclimated snakes, provides novel
understanding into adjustments of oxygen-carrying system
through blood to different energy demands (Fig. 1d). Cell size,
measured as cell area, did not correlate to MCV, but the latter
is derived from two other variables associated with measure-
ment error that multiply when calculating MCV. Therefore,
we promote the use of a direct measurement of cell size in-
stead of a calculated cell volume. The differences in erythro-
cyte area were observed while both groups did not differ in
average body size a known factor related to the size of cells
(Starostová et al. 2013). The size difference in erythrocytes
resembles the magnitude of change in erythrocyte size (ca.
10% smaller cells in warm-acclimated snakes) due to a devel-
opmental response towards different temperatures (Goodman
and Heah 2010; Hermaniuk et al. 2016; Czarnoleski et al.
2017). Importantly, snakes of both groups did not differ in
terms of MCH and MCHC; thus, smaller erythrocyte size of
warm-acclimated snakes is not associated with lower amount
of hemoglobin per cell. While lower values of other hemato-
logical variables (Fig. 1a–c) at higher temperature suggest
impairment in oxygen delivery, the smaller erythrocyte under
high temperature (Fig. 1d) may thus provide a substantial
compensation. Such compensation may be direct through ef-
fects on rate of oxygen exchange or indirect through effects on
blood viscosity (Snyder and Sears 2006). Flexibility of reptil-
ian erythrocyte size may also help to explain why the response
of hematological variables to thermal acclimation in
sauropsids stands in contrast to that of mammals and fishes.

Hematological variables affect oxygen supply not only by
defining the oxygen-carrying capacity, but they are also tight-
ly coupled to the efficiency of oxygen transport through blood
circulation in vessels.More specifically, the more erythrocytes
are in the blood, the thicker and more viscous the blood is
(Pough 1980; Windberger and Baskurt 2007). In turn, high
viscosity of blood increases shear stress and vessel resistance,
which sets constraints to the blood flow and increases the
workload of the whole cardiovascular system (Guyton and
Richardson 1961; Fowler and Holmes 1975). Therefore, de-
crease instead of an increase in cell fraction may be favorable
under high blood circulation (Birchard 1997). In reptiles, such
elevated circulation is known to occur at high metabolic rate
under high body temperatures (Greenwald 1971; Stinner

1987; Rutskina et al. 2009). Thus, the responses in hemato-
logical variables reported here may be interpreted in terms of
optimization in blood viscosity (Birchard 1997) towards ele-
vated blood flow. Nucleated erythrocytes of reptiles are weak-
ly deformable when compared to mammalian ones
(Windberger and Baskurt 2007), so that a remaining alterna-
tive to reduce the viscosity under high blood flow could de-
crease blood density through reduction of the number or/and
the size of circulating cells. This is exactly the pattern we
observed in the grass snakes for both fraction and size of
erythrocytes being lower under higher temperature (Fig. 1a,
c, d). On the other hand, shear stress is decreased at low tem-
peratures as indicated by the reduced circulation (Stinner
1987), which would allow to elevate erythrocyte fraction to
secure oxygen supply. Increased amounts of cells under lower
temperatures are also likely to compensate for reduced ability
of hemoglobin to unload oxygen, as suggested by left-shifted
oxygen dissociation curve (MacMahon and Hamer 1975).

Smaller erythrocyte size under warm conditions, next to its
additive effect to lower erythrocyte fraction in reducing blood
viscosity (Snyder and Sears 2006), is also proposed to have a
positive impact on oxygen uptake and release to the tissues
due to higher surface-to-volume ratio (Yamaguchi et al. 1987;
Ruiz et al. 1989; Kozlowski et al. 2003; Gregory 2002;
Starostová et al. 2009). Thus, smaller erythrocyte may com-
pensate for lower fraction of erythrocytes and hemoglobin
content. Elevated energy demands, e.g., at high temperatures,
are also proposed to be secured by intracardiac shunts that
increase pulmonary oxygen uptake (Hicks and Wang 1996;
Wang et al. 2001), so the reduction in erythrocyte size may
serve as further adjustment to such shunting and additionally
improve oxygen uptake in the pulmonary blood circuit. On the
other hand, increased cell size under cold acclimation, despite
its positive effect on blood viscosity, may be balanced by
lower shear stress associated with reduced circulation rate.
More importantly, increased cell size is most likely the mech-
anism of reducing overall self-maintenance metabolism
(Kozlowski et al. 2003).

Our results suggest adjustments in the oxygen-carrying
system in response to thermal acclimation that seems to be
unusual among terrestrial vertebrates and rarely reported in
ectotherms. Interestingly, when translating the effect of tem-
perature to its effect on metabolic rate, the response of hema-
tological variables in non-avian reptiles appears similar to the
pattern suggested for birds (Niedojadlo et al. 2018). Both taxa
decrease the fraction of erythrocytes under energy-demanding
temperatures—cold in birds (Niedojadlo et al. 2018) and
warm in non-avian reptiles (this study). Such response is most
likely driven by hemorheological constraints imposed by low
deformability of nucleated cell of sauropsids. Nucleated eryth-
rocytes are observed also in another group of ectotherms,
namely fishes and amphibians, which tend to show rather
positive (Davis and Parker 1990; Martins et al. 2011 but see

   24 Page 4 of 6 Sci Nat          (2019) 106:24 



Nikinmaa et al. 1980) or no response (Palenske and Saunders
2003) in hematocrit and erythrocyte number to ambient tem-
perature, contrary to non-avian reptiles. Both fishes and am-
phibians, however, depend on aquatic environment where the
availability of oxygen declines with increasing temperature.
Therefore, an increase in the rate of blood flow under such
oxygen-limited conditions at high temperature may not be
sufficient to secure adequate oxygen supply. This, in turn,
may necessitate maintenance of stable or elevated fraction of
erythrocytes. In such a case, additive effect of hematocrit on
blood viscosity can be balanced by reduction in viscosity of
non-cellular fraction of the blood (Graham and Fletcher
1983). Aerial oxygen concentration remains stable across tem-
peratures in terrestrial environment so that the ectotherms
there may afford to reduce hematocrit under high metabolic
rate. Observed responses in hematological variables may also
underlie acclimation shifts in metabolic responses to acute
exposure to different ambient temperatures. Usually, cold-
acclimated reptiles exhibit higher metabolic rate than warm-
acclimated individuals when compared at any common tem-
perature (e.g., Murrish and Vance 1968). Increased amounts of
erythrocytes and hemoglobin in cold-acclimated snakes
(MacMahon and Hamer 1975 and present study) may facili-
tate such elevation in metabolic rate across temperatures in
response to cold acclimation.

Our data provides additional support for the hypothesis
that hemorheological constraints might have been an im-
portant factor driving evolutionary loss of nuclei in terres-
trial vertebrates (Mueller et al. 2008) besides the common-
ly suggested hypothesis of a gain in availability of within-
cell space for hemoglobin (Ji et al. 2011). The lack of
nucleus in mammalian erythrocytes reduces their size and
increases adjustability to vessel diameter, which may com-
pensate the effect of high hematocrit on blood viscosity
and could support maintenance of high rates of oxygen
delivery to tissues, a prerequisite of endothermy. Birds,
like mammals, do have small erythrocytes (Hawkey et al.
1991), but those are considered poorly deformable due to
nucleation (Windberger and Baskurt 2007). Birds, howev-
er, are characterized by metabolic rates even higher than
mammals, so the loss of nuclei could impose additional
energetic costs of maintenance since enucleated erythro-
cytes tend to have higher turnover rate (Stier et al. 2013).
Smaller cells of birds compared to non-avian reptiles may
thus represent an adaptation to overcome hemorheological
constraints, without additional costs of enucleation.
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ABSTRACT

Oxidative stress, the imbalance of reactive oxygen species and
antioxidant capacity, may cause damage to biomolecules pivotal
for cellular processes (e.g., DNA). This may impair physiological
performance and, therefore, drive life-history variation and aging
rate. Because aerobic metabolism is supposed to be the main
source of such oxidative risk, the rate of oxygen consumption
should be positively associated with the level of damage and/or
antioxidants. Empirical support for such relationships remains
unclear, and recent considerations suggest even a negative rela-
tionship between metabolic rate and oxidative stress. We inves-
tigated the relationship between standard metabolic rate (SMR),
antioxidants, and damage in blood plasma and erythrocytes for
35 grass snakes (Natrix natrix). Reactive oxygen metabolites
(dROMs) and nonenzymatic antioxidants were assessed in plasma,
while twomeasuresof DNAdamageand thecapacity toneutralize
H2O2 were measured in erythrocytes. Plasma antioxidants showed
no correlation to SMR, and the level of dROMs was positively re-
lated to SMR. A negative relationship between antioxidant ca-
pacity and SMR was found in erythrocytes, but no association of
SMR with either measure of DNA damage was detected. No
increase in DNA damage, despite lower antioxidant capacity at
high SMR, indicates an upregulation in other defensemechanisms
*Corresponding author; email: stanislaw.bury@gmail.com.
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University of Chicago. All rights reserved. 1522-2152/2020/9302-9081$15.00.
DOI: 10.1086/707506
(e.g., damage repair and/or removal). Indeed, we observed a
higher frequency of immature red blood cells in individuals with
higher SMR, which indicates that highly metabolic individuals
had increased erythrocyte turnover, a mechanism of damage re-
moval. Such DNA protection through upregulated cellular turn-
over might explain the negligible senescence observed in some
ectotherm taxa.

Keywords: oxidative stress, energy metabolism, reptiles, anti-
oxidants, damage, ectotherms.
Introduction

Reactive oxygen species (ROS) are one of the main intrinsic
causes of oxidative damage to key biomolecules, including DNA,
proteins, and lipids (Sedelnikova et al. 2010). Such oxidative dam-
age may drive trade-offs and shape life-history trajectories (Cos-
tantini 2008; Monaghan et al. 2009; McGraw 2010; Metcalfe and
Alonso-Alvarez 2010), and its accumulation serves as a mecha-
nistic explanation for the rate of aging (Harman 1956). Animals
have evolved various countermeasures to combat oxidative stress
through various mechanisms, including mitochondrial uncou-
pling (Brand 2000), increased intake of dietary antioxidants (Bol-
ser et al. 2013), upregulationof endogenousantioxidants (Gomez-
Cabrera et al. 2008), and repair (Bronikowski 2008) or removal
of the damaged structures via cellular turnover (Vaanholt et al.
2008).

Aerobic metabolism is considered to be the largest cellular
source of oxidative risk (Beckman and Ames 1998). This is
because ROS are generated as an inevitable by-product during
the generation of biochemical energy in the mitochondria at
complexes I and III of the electron transport chain (Barja
1999; Muller et al. 2004). Based on this direct link between
aerobic metabolism and the production of ROS, a positive re-
lationship between metabolic rate (MR) and oxidative damage is
predicted. Alternatively, the potential effect of high MR on
damage may be offset or even reversed through upregulation of
the defense system to protect against damage and its accumulation
(Harman 1956; Selman et al. 2002; Speakman and Garratt 2014).
Past studies using experimental manipulation of energy expen-
diture to test for the metabolism-mediated effect on damage or
antioxidant capacity do not provide a consistent picture. For ex-
ample, it has been found that exposure to energy-demanding con-
ditions (e.g., cold acclimation and physical activity in mammals)
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had no effect or even a decrease of damage and/or antioxidants,
despite recording an elevated rate of oxygen consumption (Sel-
man et al. 2002, 2008). Studies that directly link MR to either
antioxidant capacity or oxidative damage are scarce. A positive
link between oxidative protein damage and daily energy expen-
diture in lactating red squirrels (Tamiasciurus hudsonicus) in-
dicated that there is an accumulation of damage driven by aero-
bic metabolism (Fletcher et al. 2012). Conversely, another study
showed that the acute increase in MR appeared unrelated to
changes in the amount of damage and antioxidants in zebra
finches (Taeniopygia guttata; Beamonte-Barrientos and Verhulst
2013). No study to date has assessed maintenance metabolism
(standard metabolic rate [SMR]) in relationship to damage and
defense against damage accumulation (but see Salin et al. 2015).
This is especially surprising since SMR represents a constant com-
ponent of an individual’s whole energy budget (Peterson et al.
1990; Hammond and Diamond 1997) and thus likely constitutes
a steady and inevitable oxidative burden. Current literature clearly
reflects the limited understanding of oxidative stress caused by
different rates of aerobic metabolism.
In this study, we investigated how interindividual variation

in SMR is associated with oxidative damage and defense in two
components of blood: the plasma and the erythrocyte fraction.We
have chosen blood because it can be sampled nonlethally but also
allows us to test independently for the relationships of SMR and
oxidative stress markers at distinct levels of specificity. Specifically,
plasma markers are nonspecific and originate from various tissues
andbiomolecules (Costantini 2011, 2016), while using erythrocytes
allowed us to focus on DNA as the biomolecule most pivotal for
cellular functions. Mitochondrial functions in erythrocytes also
correlate to those in other tissues (Stier et al. 2017b); thus, the
assessment of DNA damage and protection can be informative
from the whole-animal perspective. In plasma, we obtained non-
specific markers of circulating antioxidants and oxidative damage,
while in erythrocytes, we assessed twomeasures of damage and an-
tioxidant DNA protection. Additionally, we investigated whether
downstream mechanisms acting to minimize the damage may be
related to SMR and therefore assessed the frequency of immature
red blood cells (iRBCs) in the blood as a correlate of cell turnover,
the proxy for damage removal (Schmidt et al. 1988; Rios et al. 2005;
Vaanholt et al. 2008). We predicted two scenarios that are not
mutually exclusive: (1) a positive relationship between SMR and
damage and/or (2) the upregulation in defense, visible as a positive
relationship between SMR and antioxidant capacity and/or iRBCs.
Methods

Adult grass snakes (Natrix natrix) of both sexes (13 males and
22 females; N p 35) were collected in the field in Kraków
(southern Poland) during early summer and subjected to mea-
surements in late summer. Snakes were captured after mating but
before the oviposition period, so we were able to exclude females
that had reproduced (laid eggs) from measurements because of
the known effect of reproduction on oxidative stress in females
(Stier et al. 2017a). Individuals were maintained solitarily in
terraria with water provided ad lib. and dead rodents provided
once aweek for at least 2mo.The temperaturewas set at 267C, and
the photoperiod was controlled at 12L∶12D. After individuals
were held for 2 mo, they were fasted for at least 1 wk to ensure
all individuals were in the postabsorptive state before sampling
(Skoczylas 1970). All measurements were performed with well-
established methods that show clear repeatability over time
(Nespolo and Franco 2007; Villani et al. 2010; Costantini 2016;
Bolognesi et al. 2019).

SMR was measured with an open-flow positive-pressure res-
pirometry system that included a CO2 and O2 analyzer (FoxBox,
Sable Systems; see Bury et al. 2018 for details). The flow rate of the
incurrent airstream was regulated at 100 mL/min by a GFC-17
thermal mass-flow controller (AALBORG, Orangeburg, NY).
Fresh air was dried using silica gel and then pumped into the
chambers containing animals and the baseline chamber. Excur-
rent air was dried by a magnesium perchlorate column before
passing through the CO2 and O2 analyzer. We used an eight-
channel system (V3 Intelligent Multiplexer, Sable Systems) with
seven active channels andonebaseline channel. This allowedus to
measure the MR of seven individuals within a single trial of re-
cording in 1 d. A single trial consisted of seven 10-min record-
ings of channels with animals and eight 5-min baseline recordings
that separated channels with animals. Therefore, the whole trial
lasted 110 min. During measurement, all snakes were kept in
temperature-controlled(267C)glasschambers(51mm#190mm),
andmeasurementswere taken for10h,whichgives at leastfive full
trials for each individual. The same-sized chamber was also used
for the baseline measurements. The concentration of gases (O2

and CO2) was recorded every second. We extracted values of
concentration of both O2 and CO2 from 1-min recordings, with
the concentration of O2 indicating the lowest oxygen use for
each individual in two consecutive cycles. Extracted concentra-
tions were then used to calculate the rate of oxygen consumption
(Lighton 2008). Both calculated values were averaged and ex-
pressed as milliliters of oxygen consumed per hour. We chose to
use values obtained only during the last cycles for MR calcula-
tions to avoid any possible effects of habituation to the new en-
vironment onMR, which are most likely to occur during the first
hours of measurements. Snakes were video recorded during the
MRmeasurements to extract values of oxygen consumptionwhile
specimens were not moving.

A blood sample was collected from snakes via cardiocentesis
immediately after respirometric measurements. Part of the blood
sample was used for blood smear preparation and comet assays,
while the remaining plasmawas separated from red blood cells by
centrifuging for 5 min at 15,521 g (12124 Rotor, Sigma 1–15 Cen-
trifuge). The centrifuged portion of the blood sample was then
used to assess reactive oxygen metabolites (dROM; Diacron In-
ternational; a measure of nonspecific oxidative damage; Costan-
tini 2016) and nonenzymatic antioxidant capacity (OXY; Dia-
cron International) in the plasma. Both tests were performed
according toprotocol fromCostantini andDell’Omo(2006),with
the modification that a slightly larger volume of plasma (15 mL)
was used for the dROM assay.

Whole blood was used for the comet assays to assess DNA
damage and antioxidant capacity of erythrocytes. The assay
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was performed according to the protocol from Bronikowski
(2008), with small modifications. Specifically, 10 mL of snake
blood was mixed with 990 mL of phosphate-buffered saline
without Ca21 and Mg21. Then 100 mL of the diluted blood was
mixed with 700 mL of low–melting point agarose. Following
that, 100 mL of the suspension from the previous step was put
on glass slides covered with 1% agarose and left for 10 min to
allow the gel to coagulate. The prepared slides were then used
for the measurement of baseline damage to DNA (first assay).
Additional slides made from the same blood samples were
exposed to 25 mL of H2O2 for 5 min (second assay). At the end,
all slides were exposed for 16 h to lytic solution and electro-
phoresis. The first comet assay was used to assess baseline dam-
age toDNAexpressed as the percentage of DNA in the comet tail.
The second comet assay was performed after exposure of cells to
H2O2 to assess antioxidant capacity of erythrocytes (Riso et al.
1999). Specifically, the magnitude of decrease in the amount of
intact DNA (percent of DNA in comet head) between the first
assay and the second assay reflects the capacity of the sample to
neutralize H2O2 (i.e., a larger decrease in intact DNA indicates a
weaker antioxidant capacity).
Blood smears were air-dried, fixed in methanol, stained in

hematoxylin and eosin, and used to measure the frequency of
micronucleated erythrocytes and iRBCs. The second measure
of damage to DNA, frequency of micronuclei, was assessed by
counting the number of erythrocytes containing a micronu-
cleus per 1,000 total erythrocytes (Pascoe and Gatehouse 1986).
The iRBCs indicate the extent of cell turnover, which we used as a
proxy for the rate of removal (Schmidt et al. 1988; Rios et al. 2005;
Vaanholt et al. 2008), and were also measured as the share of
iRBCs per 1,000 total erythrocytes.
We used a linear regression to test for the relationship be-

tween SMR (predictor) and each response variable indepen-
dently (i.e., measures of antioxidants and damage in both blood
fractions, as well as fraction of iRBCs), with the level of signifi-
cance at P p 0:05. Both sets of data for DNA damage were log
transformed, while data for the frequency of iRBCs were square
root transformed to obtain normality of residuals. We expressed
SMR as the residuals from themodel with logMR as the response
variable and log body mass as the continuous predictor to remove
the effect of body mass on MR. This approach also already ac-
counts for the effect of sex, since both sexes differ in terms of
averagebodymass. For eachresponsevariable,wehave runan initial
model that included the factor of the batch, but its effect appeared
nonsignificant and therefore was removed from final analyses.
Results

In blood plasma, OXY was not significantly related to SMR
(F1, 33 p 3:24, P p 0:081; fig. 1a). However, dROM in the
plasma was significantly positively related to SMR (F1, 33 p
5:56, P p 0:024, r p 0:38; fig. 1c). At the level of erythrocytes,
the oxidative susceptibility (antioxidant capacity; i.e., de-
crease of intact DNA by H2O2) was negatively related to SMR
(F1, 33 p 4:33, P p 0:045, r p 20:34; fig. 1b); however, neither
of the measures of erythrocyte DNA damage (comet assay and
micronuclei count) was related to SMR (comet assay: F1, 33 p2:64,
P p 0:11; micronuclei count: F1, 33 p 0:2, P p 0:659; fig. 1d).
The frequency of iRBCs to mature erythrocytes was positively re-
lated to SMR (F1, 33 p 5:86, P p 0:02, r p 0:39; fig. 1e).
Discussion

Antioxidant capacity and damage in both the plasma and the
cellular fraction components of the blood were differentially re-
lated to SMR. In plasma, the significant increase in circulating
oxidative damage (dROM) with higher SMR (fig. 1c) appears to
be the consequence of a lack of apparent upregulation in an-
tioxidant capacity toward higher SMR (fig. 1a). Conversely,
neither of our two measures of DNA damage was significantly
related to SMR (fig. 1d), despite cell antioxidant capacity de-
clining with higher SMR values (fig. 1b). This discrepancy be-
tween antioxidant potential of erythrocytes and DNA damage
suggests upregulation of a further mechanism that prevents
accumulation of damage to erythrocyte DNA. Such downstream
mechanisms known to alleviate the damage load involve repair
and/or removal. Upregulation of the removal process may involve
higher tissue turnover (Vaanholt et al. 2008) and is suggested
here by the positive relationship of SMR and frequency of iRBCs
(fig. 1e). Specifically, the higher share of immature cells reflects
increased erythrocyte removal and proliferation (Schmidt et al.
1988; Rios et al. 2005), and such cell turnovermay represent a last-
resort defense against the accumulation of DNA damage.

Damage toDNAdeteriorates cell function, leading to cell death
and, in some cases, carcinogenesis; thus, it is exceptionally rele-
vant to an individual’s overall fitness (Sedelnikova et al. 2010;
Kryston et al. 2011). Therefore, when the oxidative risk driven by
aerobic metabolism is high, the upregulation of mechanisms to
protect against accumulation of DNA damage would provide a
clear adaptive response. Our study corroborates said upregula-
tion in terms of damage removal via cell turnover. However, pre-
vious literature does not provide consistent support for such
defenseupregulation, but this inconsistencymaybeattributed to a
visible bias toward antioxidant measurements in most studies.
The vast majority of research on oxidative stress in ecology and
evolution neglects other defense processes, focusing strictly on
antioxidants (Wiersma et al. 2004; Cohen et al. 2008; Costantini
2008; Smith et al. 2016), despite the fact that antioxidant capacity
is not the sole protection and possibly not even the most effective
(Davies 2000;Andziak et al. 2005). Therefore, there is limited data
on downstream mechanisms, including repair and removal of
damage, in the context of energy metabolism. This is especially
surprising given that both mechanisms are known for extreme
efficiency, with millions of nucleotides repaired per cell daily
(Holmquist 1998) and 80%of pyrimidine dimers removedwithin
several hours (Mellon 1987) in mammals. Conceivably, it may be
more beneficial to upregulate downstream mechanisms rather
than invest in antioxidants because of the high efficiency of the
repair and/or removal system. We corroborated this pattern by
finding a negative effect of SMR on cellular antioxidants, which
was opposite that of the iRBC fraction (fig. 1b, 1e). Recent studies
also support the upregulation of the repair rate with energetically
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demanding activities (Olsson et al. 2018) or in relation to life-
history characteristics (Robert and Bronikowski 2010). Research
on the naked mole rat (Heterocephalus glaber) indicates that
autophagic damage removal, not antioxidants, plays a major role
in combating damage burden (Andziak et al. 2005; Zhao et al.
2014). Insights into the occurrence of various repair and removal
processes such as base excision repair (Holmquist 1998) and au-
tophagy (Filomeni et al. 2014), along with their efficiency, as-
sessment of various levels of energy expenditure, and metabolic
states, are particularly lacking. Future studies should focus on such
typically overlooked protection that occurs beyond antioxidants.
This data would close knowledge gaps in the endogenous defense
against oxidative stress in the ecological and evolutionary context
and define new directions for further research.

The amount of oxidative damage is known to be positively
related to the level of cellular ROS (Luceri et al. 2018). Therefore,
the positive relationship between SMR and plasma damage re-
ported here can be interpreted as the outcome of high ROS pro-
duction at high SMR and is thus in line with a prediction de-
rived from the free-radical theory of living (Harman 1956). This
Figure 1. Relationships between standard metabolic rate (SMR), subsequent antioxidant capacity, damage, and cell turnover indicated in two
fractions of blood: plasma and erythrocytes. a, Plasma nonenzymatic antioxidants (P p 0:081). b, Plasma oxidative damage (P p 0:024).
c, Decrease of cellular antioxidant capacity of intact DNA in comet head (P p 0:045). d, DNA damage. Open circles indicate percent DNA in tail
(P p 0:11). Filled circles indicate frequency of micronucleated erythrocytes (P p 0:659). e, Frequency of immature red blood cells (proxy for
erythrocyte turnover) and SMR (P p 0:02). OXY p nonenzymatic antioxidant capacity; dROM p reactive oxygen metabolites (nonspecific
oxidative damage); iRBC p immature red blood cell.
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explanation becomes less clear in light of recent findings that
show the opposite, the direct negative correlation of SMR and
mitochondrial productionofH2O2 (Salin et al. 2015).However, in
this study, only one type of ROS was measured out of the whole
spectrum recognized so far, including H2O2 precursor, superox-
ide radical, and others such as hydroxyl radical, hypochlorous
acid, and organic peroxides (Halliwell and Gutteridge 2015).
Moreover, mitochondria are not the sole source of ROS; for
example, high amounts of H2O2 originate in peroxisomes (Singh
1996). Along with oxidative phosphorylation, other processes
also result in production of ROS and subsequent damage, with
lipid peroxidation being one of the most potent and likely as-
sociated with MR (Sohal et al. 1981; McArthur and Sohal 1982).
In summary, the empirical support for the relationship between
SMR and ROS emission remains full of gaps. To obtain com-
prehensive understanding of the oxidative costs of energy ex-
penditure, further studies may assess the wide array of ROS
that originates from various cellular sources, besides only the
mitochondria.
General Conclusions

Our finding of a positive relationship between oxidative damage
(dROM) and SMRmay support the previously described positive
association of oxidative protein damage and the whole daily en-
ergy budget (Fletcher et al. 2012). It may also underlie elevated
oxidative stress observed in reptiles due to activities associatedwith
increased aerobic metabolism such as reproduction and digestion
(Butler et al. 2016; Stier et al. 2017a). MR in reptiles is also well
known to increase at high environmental temperatures; thus, ex-
posure to high temperature should also elevate the amount of
oxidative damage. However, recent studies show that exposure to
high temperature results in a decrease (instead of an increase) in
the damage, despite elevated SMR (Stahlschmidt et al. 2013, 2017;
Bury et al. 2018). Our current results, combined with those of
nonelevated oxidative damage despite high SMR at high tem-
perature (Bury et al. 2018), provide an argument for a disruption
of the positive link between metabolism and damage and may
indicate the occurrence of an additional temperature-mediated
effect that overrides the positive impact of SMR on the damage.
Such independent effects could involve an increase in antioxi-
dant enzyme activity at elevated temperatures (Bury et al. 2018).
Voluntary increase in body temperature through thermophilic
behaviors in energetically costly states (Birchard et al. 1984; Slip
and Shine 1988) may therefore appear to function as a mecha-
nism alleviating oxidative stress. This temperature effect, along
with the protection against accumulation of DNA damage as-
sociated with high SMR,may result in a decline in the rate of age-
related accumulation of damage. Thus, the combination of tem-
perature and energy metabolism could explain the negligible
senescence observed in some ectotherms (Finch 1998, 2009).
Future studies should incorporate a comprehensive set of mea-
surements of oxidative status that includes defense mechanisms
beyond antioxidant capacity. The focus should be set on the re-
moval of damage (i.e., autophagy and tissue turnover), as well as
the wide array of repair mechanisms, including base excision
repair, nucleotide excision repair, mismatch repair, homologous
recombination, and nonhomologous end joining, all in the con-
text of energy metabolism.
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A B S T R A C T

Reactive oxygen species (ROS) are inescapable byproducts of energy metabolism and may cause costly damage
to biomolecules. Organisms have evolved different means to counter oxidative stress, such as modulation of ROS
production, neutralization of produced ROS through free radical scavenging and the repair or removal of the
damaged structures. A positive relationship between metabolic rate and ROS production is commonly expected,
but the oxidative burden of aerobic metabolism remains poorly understood. We investigated whether accli-
mation to ambient temperatures imposing variation in standard metabolic rate (SMR) is mirrored in the oxi-
dative status of an ectotherm. Grass snakes (Natrix natrix) acclimated for six months to warm (32 °C) conditions
revealed seven times higher SMR compared to cold-acclimated (18 °C) individuals. In contrast to SMR, the
amount of damage measured as reactive oxygen metabolites test (dROMs) and abundance of micronucleated
erythrocytes was significantly lower in warm-acclimated individuals, while non-enzymatic antioxidant capacity
of plasma was unaltered by thermal acclimation. Our results support that high SMR may allow snakes to better
cope with oxidative stress, possibly through tissue repair or removal of damaged tissues that also requires energy
costs. The reversed association between self-maintenance metabolism and oxidative damage to biomolecules
provides novel rational for temperature dependent life histories of ectotherms. How oxidative stress may con-
tribute to the known reduced rates of ectotherm growth or reproduction under cold temperatures or if oxidative
stress may even drive such life history trait declines are now important challenges to be addressed.

1. Introduction

Despite having important physiological functions (i.e. signal trans-
duction; Reczek and Chandel, 2015), reactive oxygen species (ROS)
more notably can cause severe damage to biological structures, such as
DNA, proteins, ad membranes (Sedelnikova et al., 2010). Oxidative
stress has also been shown to have relevant costs to organisms through
effects on reproductive performance (Costantini et al., 2015), survival
(Bize et al., 2008), aging (Sohal, 2002) and life-span (Selman et al.,
2013). Thus, minimizing ROS production must be considered a likely
evolutionary solution (Benzie, 2000; Hermes-Lima et al., 2001; Jarrett
and Boulton, 2005). If ROS production is unavoidable, the injurious
properties of free radicals can be mitigated by various ways ranging
from processes directly combating ROS, such as antioxidants, to repair
and removal of the damaged structures (Davies, 2001). The disruption
of the equilibrium between ROS production and defense leading to an
increase in damage may be caused by an array of intrinsic and extrinsic
factors, such as diseases (Lykkesfeldt and Svendsen, 2007), re-
productive investment (Alonso-Alvarez et al., 2004), physical effort

(Powers and Jackson, 2008) and food restriction (Sohal et al., 1994).
Because ROS are inevitable byproducts of an imperfect electron trans-
port system on mitochondrial membranes, the rate of oxygen con-
sumption is assumed as a pivotal source of ROS and subsequent damage
(Harman, 1956). However, the link between metabolic rate and oxi-
dative status, i.e. the amount of damage and capacities of defense
mechanisms, remains still largely theoretical (Speakman and Selman,
2011).

The level of oxygen consumption has long been assumed to be po-
sitively related to the production of ROS, and eventually damage of
tissues (Harman, 1956). Such relationships between metabolic rate and
oxidative damage or mitochondrial free radical production have been
confirmed on the interspecific level (Adelman et al., 1988; Ku et al.,
1993; Barja et al., 1994), though interspecific comparison treats each
species as single data point, which neglects entirely the intraspecific
variation. In fact, recent theoretical considerations suggest that for-
mation of ROS and subsequent damage may be modulated in-
dependently from oxygen consumption, so much that even negative
relationships seem possible (Brand, 2000; Speakman et al., 2004; Barja,
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2007; Salin et al., 2015a, 2018). So far only a single study has tested
directly the relationship between metabolic rate and ROS production at
the intraspecific level. Salin and colleagues revealed a surprising ne-
gative correlation between metabolic rate and ROS in brown trout
(Salmo trutta; Salin et al., 2015b). The question remains as to how this
would affect down-stream oxidative status like antioxidant capacity and
ultimately the amount of damage. Indication for upregulated anti-
oxidant capacity associated with high metabolic rate originates from a
positive relationship between daily energy expenditure (DEE) and ac-
tivity of either superoxide dismutase or glutathione peroxidase in mice
(Vaanholt et al., 2008). However, DEE does not provide actual in-
formation of oxygen consumption at the self-maintenance level and
neither additional measurement for ROS nor damage were provided
(Vaanholt et al., 2008). Clearly, comprehensive measurements of oxi-
dative status in conjunction with energy metabolism are under-
represented, but would improve our understanding of the ecological
and evolutionary significance of oxidative stress in animals.

Among environmental factors temperature likely has the strongest
impact on metabolic rate, which may thereby affect oxidative status.
Most investigations focus on the impact of short term thermal stress on
oxidative status and show a similar response for both endotherms and
ectotherms, namely increased antioxidant capacity or/and oxidative
damage in response to acute change in ambient temperature
(Bagnyukova et al., 2003; Lushchak and Bagnyukova, 2006; Baker,
2007; Madeira et al., 2013; Stier et al., 2014). However such a response
to thermal stress is driven by the rapid change in the metabolic rate or
extending limitations of heat dissipation, instead of the level of oxygen
consumption per se, which may obscure the actual SMR-damage re-
lationship. Milder temperature changes, such as simulated heat waves
appear to have the opposite effect and reduce the amount of damage in
reptiles (Stahlschmidt et al., 2017). On the other hand, prolonged ex-
posure to continuous temperatures imposes different self-maintenance
costs and is followed by adjustments in the rate of oxygen consumption;
thus this may have an effect on oxidative status by its impact on SMR.
However, such thermal acclimation has a fundamentally different im-
pact on metabolic rate in endotherms compared to ectotherms. In en-
dotherms, cold acclimation induces non-shivering thermogenesis and is
associated with high metabolic rate (Janský, 1973). Despite high levels
of oxygen consumption, oxidative stress is not imposed, most likely due
to elevated mitochondrial uncoupling, as it was shown that mice with
knock-out in UCP-1 gene suffer high oxidative stress when exposed to
cold (Stier et al., 2013). Contrary to endotherms, Ectotherms exhibit a
strong positive relationship between temperature and metabolic rate
(MR), therefore, they express low MR in colder temperatures (McNab,
2002). Thus, the response in oxidative status to environmental tem-
perature may be fundamentally different between endotherms and ec-
totherms. It has been shown that oxidative stress markers increased at
temperatures below the thermal optimum in seabass (Dicentrarchus
labrax) following long-term exposure (Vinagre et al., 2013). In an
aquatic environment, however, temperature also drives the amount of
dissolved oxygen, which is higher at lower temperatures. This in turn
may affect oxidative status through elevated production of ROS in
elevated oxygen availability (Lushchak et al., 2005). Thus, either a shift
in metabolic rate or oxygen availability in the water may account for
the amount of oxidative damage in response to ambient temperature in
fish. Whether or not the same pattern applies to terrestrial ectotherms is
unknown. Clearly, the oxidative costs of metabolic rate and the re-
lationship between metabolic rate and oxidative stress are key to our
understanding of how ambient temperature may drive the oxidative
status of animals.

So far, oxidative stress has not been studied in terrestrial ectotherms
in the context of temperature acclimation and our research could help
to understand the temperature dependence of ecological niches, animal
performances and life history traits (Angilletta, 2009; Adolph and
Porter, 1993; Shine, 2005). We aimed to investigate if exposure of grass
snakes (Natrix natrix) to thermal conditions, imposing different

energetic requirements, will be associated to a comprehensive set of
measurements describing the oxidative status, namely metabolic rate,
damage load and non-enzymatic antioxidant capacity. Theoretical
considerations suggest a positive effect of high SMR on ROS production
and subsequent amount of damage. This in turn could be translated into
the positive impact of temperature as well, as in ectotherms tempera-
ture has strong positive effect on SMR. On the other hand, empirical
studies indicate the opposite scenario, with lower production of ROS
associated with high SMR (Salin et al., 2015) or lower amount of da-
mage under warm temperatures (Vinagre et al., 2012; Stahlschmidt
et al., 2017). Accordingly, we predict that snakes maintained at a warm
temperature, imposing high SMR, will exhibit upregulation of anti-
oxidant capacity and thus, lower amount of damage compared to cold-
acclimated individuals.

2. Materials and methods

Adult grass snakes (Natrix natrix, Linnaeus 1758) were collected in
the field in the vicinity of Kraków (southern Poland) starting in late
spring (June), during activity period, after the hibernation and mating
period. For at least one month before the experimental treatment,
snakes were placed in separate terraria (31×19.7×14.1 cm in size)
under 25–26 °C, photoperiod 12L:12D, water provided ad libitum and
fed once per week with two dead rodents of similar size per individual.
Afterwards, snakes were randomly divided into two groups: one accli-
mated to 18 °C (n=7) and one acclimated to 32 °C (n= 7). We chose
the two temperatures based on two criteria. Firstly, we wanted to avoid
exposure to stressful conditions. The temperatures chosen exceed pre-
ferred regimes (24–27 °C), but lie within the activity range (17–35 °C)
for grass snake, which is considered the range of temperatures that
facultative snakes choose in nature and can perform normally that in-
cludes activities like shedding and foraging (Eckstein, 1993). Lower
regimes could result in arrestment of food ingestion (Skoczylas, 1970).
Secondly, our goal was to differentiate the average level of SMR within
both groups. Considering temperate zone snakes may exhibit metabolic
plateau, i.e. constant value of metabolic rate, over a range of ambient
temperatures (Lillywhite, 1987), we have applied levels of temperature
that differ largely to avoid such possible plateau. After 6 months of
acclimation, metabolic rate measurements were performed followed by
blood sampling. On the course of acclimation snakes were controlled
for food intake (number of ingested rodents per individual) and body
mass change as factors possibly affecting oxidative status.

Standard metabolic rate (SMR) was measured via positive pressure
open-flow respirometry system (FoxBox, SableSystems International)
with flow rate regulated at 100ml/min by GFC-17 thermal mass-flow
controllers (AALBORG, Orangeburg, NY, USA). Snakes were subjected
to measurement for 12 h in the temperature to which they were accli-
mated. We used a multichannel system (V3 Intelligent Multiplexer;
Sable Systems Inc.) with 8 channels, including one for baseline, which
allowed us to measure metabolic rate of seven individuals per day.
Therefore, measurements lasted for two days and each both groups
were equally represented with full randomization of individuals. Fresh
air dried with silica gel was pumped through the eight chambers
(190mm in length and 51mm in diameter). Airstream for the reference
and sample channels were regulated sequentially and dried by a mag-
nesium perchlorate column before passing through the CO2 and O2

analyzer. Within a single cycle of measurement each channel lasted for
10min and all channels were separated from each other with the
baseline lasting for 5min. The rate of oxygen consumption was calcu-
lated for one minute with lowest values of oxygen consumption using
standard equations provided by Lighton (equation 11.7 in Lighton,
2008) and expressed as milliliters of O2 consumed per hour. Prior to the
measurements snakes were fasted for ca two weeks to ensure that all
specimens were in post-absorptive state during measurements. During
measurement snakes were video-recorded to extract values of MR when
snakes did not exhibit any movement.

S. Bury et al. Journal of Thermal Biology 78 (2018) 36–41

37



Snakes were weighed and blood was drawn by means of cardio-
centesis immediately after metabolic measurements. A blood smear was
prepared and fixed for 5min in methanol, while for the rest of the
sample plasma was separated from blood cells by centrifuging for 5min
with 15,521 g (13000 rpm) (12124 Rotor, Sigma 1–15 Centrifuge) to
assess the reactive oxygen metabolites assay (dROM, protocol after
Costantini and Dell'Omo (2006)) and OXY-adsorbent test (Diacron In-
ternational). In principle, the dROM assay is a colorimetric assessment
of the amount of hyroperoxides based on Fenton's reaction. Hydroper-
oxides are various molecules damaged by ROS that originate from
various tissues (Costantini, 2016), so the dROM assay is a reliable
measure of the overall oxidative damage load when compared to the
less specific assays such as the commonly used TBARS that determines
the amounts of by-products of lipid peroxidation (Lefevre et al., 1998).
Concerns on the adequacy of this assay have been raised, due to pos-
sible bias of its results associated with the presence of ceruloplasmin in
the sample (e. g. Kilk et al., 2014). However, there is a strong body of
evidence supporting its reliability, e. g. showing no association of the
results of dROM assay with the amounts of ceruloplasmin (Colombini
et al., 2016) and its responsiveness towards reduced antioxidant ca-
pacity (reviewed and summarized by Costantini, 2016). The OXY-ad-
sorbent in turn defines total non-enzymatic antioxidant capacity of the
samples (Costantini, 2011). Damage to the nuclear DNA was obtained
via micronuclei assay (Pascoe and Gatehouse, 1986). Since ROS can
have genotoxic properties (Ramana et al., 1998) and micronuclei can
originate from oxidative stress (e. g. Bresgen et al., 2003), we presumed
that any response in oxidative status to thermal acclimation may also be
visible in the abundance of micronucleated erythrocytes. Blood smears
were stained with hematoxylin and eosin, and the number of micro-
nucleated erythrocytes per 1000 of cells was counted under microscope
at 100x magnification.

Standard metabolic rate was analyzed using General Linear Model
with body mass as a covariate and treatment as fixed factor. Snakes of
both sexes were present in each experimental group and were tested for
the effect of sex and its interaction on response variables. None of the
effects were significant and sex was removed from the analysis to in-
crease power of the tests. Data on oxygen consumption, body mass and
dROM were log-transformed to obtain normality of the distribution.
Average values of dROMs and antioxidant capacity (OXY) were com-
pared between both groups using Student t-test, whereas body mass,
change in body mass, food intake and micronuclei count were analyzed
using non-parametric Mann-Whitney U test, because these data lacked
normal distribution. Also, based on the normality of the distribution or
its lack, we presented descriptive statistics either as mean or median in

Table 1. For each analysis, the level of significance at p=0.05 was
utilized. Data was analyzed with SAS v. 9.4, (SAS Institute, Inc., Cary,
NC, USA).

3. Results

Neither body mass at the onset of acclimation (U=20.00; N= 14;
p=0.61; Table 1) nor body mass change over the course of acclimation
differed significantly between acclimation temperatures (U=21.00;
N= 14; p= 0.70; Table 1). Warm-acclimated snakes had higher food
intake than cold-acclimated individuals (U=0.00; N=14; p=0.002;
Table 1). Standard metabolic rate increased with body mass (F1,11
=12.43; p=0.005) and was significantly higher in 32 °C acclimated
snakes than in 18 °C acclimated individuals (on average 4.15 and
0.60mlO2/h, respectively; F1,11 =60.76; p < 0.001; Fig. 1a, Table 1).
The level of damage measured as dROMs was significantly higher at
cold temperature compared to warm temperature (on average 0.22 and
0.03mM H2O2 equivalents respectively; t= 6.55; df=12; p < 0.001;
Fig. 1c). Similarly, cold-acclimated snakes had higher number of mi-
cronucleated erythrocytes than snakes acclimated to warm temperature
(U=8.0; N= 14; p=0.038; Fig. 1.d). Non-enzymatic antioxidant ca-
pacity (OXY), however, was not significantly affected by the treatment
(t= 0.31; df=12; p=0.76; Fig. 1b).

4. Discussion

As expected, the temperature treatment substantially affected SMR
as snakes receiving the high temperature treatment showed nearly a
seven-times greater oxygen consumption compared to those from the
low temperature treatment (Fig. 1a; Table 1) (Peterson et al., 1993).
Both damage measurements, the micronuclei count and dROM (Fig. 1c,
d), revealed a pattern opposite to that of SMR, with lower damage in
warm-acclimated snakes than cold-acclimated snakes. This appears
surprising in view of the non-enzymatic antioxidant capacity being si-
milar between both temperature treatments (Fig. 1b). Our study shows
that the oxidative stress response to thermal acclimation differs fun-
damentally from that observed in endotherms, most likely due to dif-
ferent thermal dependence of metabolic rate among them. Moreover, it
differs from the patterns reported for thermal stress (Bagnyukova et al.,
2003; Lushchak and Bagnyukova, 2006), perhaps because thermal
stress refers to other physiological responses than change at the level of
SMR. Thus, our results indicate that there must be an energy and/or
temperature dependent protection against oxidative stress besides our
measured non-enzymatic antioxidative capacity. Such protection may
involve lowering of ROS production through higher mitochondrial
uncoupling, ROS scavenging through elevated activity of antioxidant
enzymes, and finally upregulation of repair and removal of damaged
structures. In other words, damage may not be at low levels despite the
higher energy metabolism in the warmth, but rather because of it.

Lower load of damage to biomolecules despite their higher rates of
self-maintenance metabolism in snakes maintained at the warm am-
bient temperature initially appears counterintuitive. This effect was
observed even though high temperature is known to increase the fre-
quency of events associated with elevated oxidative stress, such as lo-
comotor activity (Heckrotte, 1975). Absorptive state associated with
food ingestion was also shown to considerably elevate oxidative stress
(Butler et al., 2016). Our warm-acclimated snakes expressed a much
higher rate of food consumption compared to cold-acclimated in-
dividuals (Table 1), thus, were more frequently exposed to the risk of
elevated oxidative stress (Butler et al., 2016). This could result in the
gradual accumulation of damage; however, we found that warm-ac-
climated snakes had a lower amount of oxidative damage rather than
those that were cold-acclimated. Consequently, this advocates for the
compensation of the “eating increases oxidative damage” effect (Butler
et al., 2016), and this compensation is likely associated with the cap-
ability to maintain high SMR. Our finding can be interpreted on

Table 1
Descriptive statistics of all investigated variables measured in snakes from both,
cold (N=7) and warm (N=7) acclimation, groups.

Experimental group Cold acclimation Warm acclimation

SMR [mlO2/h] 0.604 ± 0.479 4.148 ± 2.250
(mean ± SD)
Mass specific SMR 0.0121 ± 0.008 0.106 ± 0.037
[mlO2/h/g]
(mean ± SD)
ROMs [mM H2O2 equivalents] 0.218 ± 0.115 0.029 ± 0.009
(mean ± SD)
OXY [mM HOCl neutralized] 251.347 ± 47.571 243.981 ± 40.311
(mean ± SD)
Micronuclei 0.011; 0.001;
count [n/1000] 0.009−0.018 0.001−0.016
(median; min-max)
Body mass at the onset [g] 38.5; 36.4;
(median; min-max) 19.7–62.6 18.0−71.5
Body mass change [g] 2.6; 2.5;
(median; min-max) 1.3–3.7 1.6–3.7
Food intake [n of meals] 13; 28;
(median; min-max) 8–15 19–34
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different levels of the oxidative status, starting from the general
avoidance of ROS production linked to energy metabolism. A low
amount of ROS under high SMR has already been observed by Salin and
colleagues, with one possible explanation for this pattern being that
increased mitochondrial uncoupling is a candidate mechanism that
reduces ROS release (Salin et al., 2015a, 2015b; Speakman et al., 2004).

A secondary and commonly invoked level of combating oxidative
stress involves the scavenging of free radicals through upregulation in
antioxidant capacity, which is a shielding mechanism possibly posi-
tively linked to energy metabolism (Vaanholt et al., 2008). Such
scavenging must be considered to act extremely fast (Cnubben et al.,
2001) so that direct measurement of ROS could possibly already be
biased by the immediate antioxidant action (Salin et al., 2015b).
However, our results do not support such upregulation as the non-en-
zymatic antioxidant capacity of plasma remained unaltered among our
experimental groups despite obvious differences in the amount of da-
mage. This in turn indicates that other antioxidants, like enzymes, may
be more relevant for our snakes such as glutathione peroxidase, catalase
etc. (Cohen et al., 2007). Primarily circulating antioxidants are mostly
non-enzymatic ones and their response may not necessarily be corre-
lated with the response of enzymatic antioxidants (Cohen et al., 2007).
Moreover, enzymes show a high tissue specificity (Surai et al., 1996;
Oruc et al., 2004), which challenges their reliability to estimate the
response of antioxidant capacity on the whole-animal level.

Mechanisms such as repair and removal of damage can alleviate
oxidative stress, which may act simultaneously to increased antioxidant
capacity; this must be considered to be associated with energetic costs.

Both mechanisms rely predominantly on activity of specific enzymes (e.
g., photolyase, methyltransferase, etc.), and removal is associated with
tissue turnover (Vaanholt et al., 2008; Davies, 2001). Experimental
manipulation of ambient temperature showed, as expected, that DNA
repair efficiency is higher in warmer conditions in an ectotherm
(MacFadyen et al., 2004). Similarly, tissue turnover was shown to be
positively affected by temperature in several ectotherm vertebrates
studied thus far (Houlihan, 1991). Upregulation of repair and tissue
turnover does not only occur at higher temperatures in ectotherms; it
also occurs during other energy-demanding activities like exercise
training in endotherms (Radak et al., 2002; Nakamoto et al., 2007).
Together, this provides strong evidence that repair and removal are
mediated by increased temperature and/or energy use, and may serve
as a final line of defense against oxidative stress.

4.1. General conclusions

Living at low temperatures may be affordable for ectotherms due to
low maintenance metabolism, reduced food requirements (Lillywhite,
1987) or expanded longevity (Miquel et al., 1976; Munch and Salinas,
2009). However, low temperatures bare known negative fitness con-
sequences through the slowing down growth or impairment of re-
productive efficiency, immune response, and physical performance
(Lailvaux, 2007; Telemeco et al., 2010; Wright and Cooper, 1981; Rhen
and Lang, 1999). Our findings expand upon the mechanistic link be-
tween temperature and life history characteristics in ectotherms, which
may have strong implications concerning their evolutionary and

Fig. 1. a) Standard Metabolic Rate [mlO2/h] (Least Square Means and 95% confidence intervals); b) antioxidant capacity – OXY [mM HOCl neutralized] (mean and
95% confidence intervals); c) oxidative damage – dROM [mmol/l H2O2 neutralized] (mean and 95% confidence intervals); d) nuclear damage - micronuclei count [n/
1000] (median with 25–75 percentile, min-max) in snakes acclimated to either cold (18 °C, N=7) or warm (32 °C, N=7) condition for six months before sampled in
their respective conditions. Asterisks indicate the level of significance (*** - p < 0.001, * - p < 0.05, ns - non significant).
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environmental biology. Typically, slower growth or reduced re-
productive performance of ectotherms in colder environments was as-
sumed as an outcome of lower energy turnover (Adolph and Porter,
1996). However, besides metabolic rate, oxidative stress itself was also
shown to be a factor affecting traits relevant to fitness such as impaired
reproduction in birds (Costantini et al., 2015). On the other hand,
oxidative stress is assumed to decrease longevity due to the decelerative
effect of damage accumulation (Sohal, 2002; Yin and Chen, 2005). Our
study suggests oxidative stress is an additional negative effect of low
temperatures for ectotherm life histories, but not necessarily for long-
evity.
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GENERAL DISCUSSION 
 

Metabolic physiology of ectotherms in general, and reptiles in particular, has been extensively 

investigated over the last half of a century. In my doctoral research, I have identified and then 

investigated an important gaps of knowledge related to the factors underlying the metabolic 

rate, i.e. oxygen delivery through erythrocytes as well as the costs of metabolic rate in terms of 

the oxidative stress. The main findings are as follows: 

 snakes tend to decrease, not elevate, the number of erythrocytes when metabolic rate is high, 

but the flexibility of cell size is a likely compensation for lower cell fraction; 

 the positive relationship between SMR and non-specific oxidative damage is not visible at 

the level of DNA damage, suggesting upregulation of DNA protection; 

 high temperature seems to override the positive impact of high metabolic rate on the 

oxidative damage load and results in lower amounts of damage. 

The observed patterns give a new perspective to the physiological mechanisms underlying 

the variation in ectotherm life histories (I), but also provide a missing puzzle piece to the 

evolution of endothermy (II) and are considerable in the view of global climate change (III). 

 

I. Cell size, oxidative stress and ectotherm life histories 

 

In Article I, is proposed that flexibility in erythrocyte size represents a compensation 

for reduced number of cells, but such temperature-driven variation in cell size can result in a 

broader phenotypic outcomes. Smaller erythrocytes in snakes exposed to high temperatures can 

be predicted to release oxygen to tissues more efficiently, thus improving the metabolic 

processes in the tissues (Starostova et al. 2013). This effect can further enhance resource 

processing (Czarnołęski et al. 2017) necessary to elevate reproductive output or accelerate the 

growth in the case of juvenile specimens. Indeed, such ‘fast’ life histories are observable at 

higher temperatures in ectotherms (Kuparinen et al. 2011, Rhen and Lang 1999) and plastic 

development of ‘fast’ life histories concerted with smaller cells has already been postulated 

(Czarnołęski et al. 2016). My study, however, indicates that the cell size-life history association 

may undergo also flexible changes.  
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Oxidative stress, as the consequence of aerobic metabolism, is proposed to be negatively 

related to life history trajectories (Isaksson et al. 2011; Monaghan et al. 2009; Costantini 2008) 

in a two-dimensional way. Firstly, the oxidative stress is proposed as a constraint for life 

histories, i.e. setting the limits to growth (Smith et al. 2016) or reproduction (Costantini et al. 

2016). Secondly, oxidative stress is expected to represent a cost of elevated energy expenditure 

associated with, e.g. high reproductive output (Metcalfe and Monaghan 2013). In the Article 

III I have suggested that high temperature alleviates oxidative constraints on life histories, but 

less clear is the role of oxidative stress as the cost of life histories in reptiles. Oxidative stress 

considered as a cost is an attractive candidate factor to be involved in a trade-off related to 

ecology and life history traits. An increase in energy expenditure, e.g. due to elevated 

reproductive output or activation of immune response can be predicted to elevate the production 

of ROS and damage, but also reduce the amount of resources that can be spent on combating 

oxidative stress (Monaghan et al. 2009; Costantini 2008). This approach is based on the 

assumption that metabolic rate and the level of ROS and/or damage production are tightly and 

positively coupled (Metcalfe and Alonso-Alvarez 2010; Speakman 2008). As shown in Article 

II, such relationship exists, but is not detectable at the level of the most pivotal biomolecule, 

the DNA, which may suggest DNA damage to be metabolic rate-independent. This raises the 

question how costly to the organism are the damage of other biomolecules, but no sufficient 

body of data is available to conclude on that. Furthermore, the relationship can be uncoupled 

by environmental factors, such as temperature in ectotherms as shown in Article III. 

Experimental studies indicate an increase in damage markers in association with digestion and 

gestation in reptiles (Stier et al. 2017; Butler et al. 2016), but when thermoregulatory 

opportunities are adequate such costs could be rapidly removed. Overall, no apparent 

association of DNA damage with metabolic rate and alleviating effect of high temperature on 

damage load in reptiles indicate that the oxidative stress may not necessarily be involved in a 

history trade-offs, at least in ectotherms.  

 

II. Evolution of endothermy 

 

In a broader perspective, my doctoral research provides a new ‘reptile view’ on the 

physiological factors that could contribute to the evolution of endothermy. In Article I, I have 

indicated a trade-off in oxygen delivery. Specifically, I suggested that when circulation rate is 
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high the erythrocyte density is being reduced to keep optimal viscosity (Snyder 1971), but at 

the expense of lowered oxygen carrying capacity (Svanson 1990). Such proposed trade-off can 

be interpreted as a limitation in the capacity to elevate the metabolic rate. Evolutionary tendency 

to improve oxygen delivery through blood visible in birds through erythrocyte size reduction 

(Hawkey et al. 1991) in and mammals through erythrocyte enucleation (Windberger and 

Baskurt 2007), may, therefore, represent an adaptation to overcome the limitations to the 

achievable level of aerobic metabolism. Birds and mammals are indeed characterized by higher 

metabolic rate compared to similar-sized reptiles (McNab 2000), and such high metabolic rate 

is proposed as a prerequisite of endothermy (e.g. Nespolo et al. 2011; Koteja 2000). Apparently, 

flexibility in erythrocyte size of reptiles can only partially enhance oxygen delivery – as 

indicated by their lower metabolic rate – but can be seen as an ancestral-stage adaptation prior 

the evolution of endotherm-like oxygen delivery.  

High metabolic rate in mammalian endotherms is particularly marked during heat 

production under exposure to low temperatures, below thermoneutrality (Konarzewski and 

Diamond 1994). Despite that, higher metabolic rate of cold-exposed mammals does not result 

in increased oxidative stress, because mammals have evolved a mechanism of heat production 

through mitochondrial uncoupling via UCP1 protein (Golozoubova et al. 2001), a process 

known to reduce ROS production (Adjeitey et al. 2013; Dlaskova et al. 2010). Knock-out of 

the UCP1 allows to maintain high temperature under cold-exposure but comes at the cost of 

elevated amounts of oxidative damage (Stier et al. 2014). This indicates, that the mammalian 

endothermy could have evolved not only to maintain higher temperatures in cool environments 

but also to avoid cold-induced oxidative stress. These oxidative costs of cold exposure have 

been shown in my research on reptiles (Article III), the ancestral group to mammals. Thus, 

heat production via mitochondrial uncoupling can be seen as an evolutionary strategy to 

mitigate oxidative costs of cold-exposure. 

 

III. Climate change 

 

Finally, both findings – related to erythrocyte flexibility and oxidative stress – are 

considerable in terms of the capacity of ectotherms to cope with changing environment, 

particularly considering an ongoing increase in ambient temperatures due to climate change. 

Responses I was able to document suggest a high physiological capacity to cope with elevated 
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temperatures. Specifically, energy demanding conditions require improved inter-cellular 

connectivity and transportation that can be secured by smaller size of cells (Czarnołęski et al. 

2017) and such smaller cells were indeed observed in warm-acclimated snakes (Article I). 

Furthermore, lower oxidative stress under warmer conditions may improve the physiological 

performance, e.g. reproductive output (Costantini et al. 2016). However, I have also confirmed 

the well-known positive effect of temperature on the metabolic rate and such high metabolic 

equals high energy requirements, i.e. food intake (Article III). If such energy requirements are 

not met by sufficient food availability the exposure to high temperature may rapidly lead to the 

‘metabolic meltdown’ effect, i.e. energy expenditure vastly exceeding energy intake (Huey and 

Kingsolver 2019). Under such scenario elevated ambient temperatures would lead to prolonged 

fasting, starvation and eventually increased mortality. 
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