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Abstract  
 

Metabolic allometry is the study of how the minimal energy expenditure of an organism, 

standard metabolic rate (SMR), scales with the body mass. Previous research, predominantly 

on mammals and birds, typically find allometric relationships between SMR and body mass, 

with a scaling coefficient (slope) of 0.75, often referred to as “Kleiber’s law“. This has been 

suggested to reflect some global physiological constraints. However, recently, it has been 

suggested that metabolic allometry instead results from life history optimization. Several recent 

studies on lower phylogenetic scales reveal scaling coefficients deviating from 0.75 and the 

intraspecific variation of metabolic allometry, along with its mechanistic basis, remains poorly 

understood. In this study, I aimed to investigate the variation in metabolic rate in an insect 

species, the common Bluetail Damselfly (Ischnura elegans). I measured SMR of individuals 

in three different temperatures and compared the sexes and three heritable female colour 

morphs that occur in this variable species. Furthermore, I compared the cell size of 20 species 

of Odonata (dragonflies and damselflies) to obtain a better understanding of possible 

physiological constraints on the evolution of SMR. In I. elegans, I found low intraspecific 

variation of metabolic allometry, allometric scaling coefficients that were generally lower than 

0.75 and no evidence across species that SMR seemed to be directly constrained by cell size. 

My results are in line with recent theories that metabolic allometries probably have higher 

evolvabilities than previously thought.  

 

Introduction 
 

All animals expend energy to grow, reproduce and survive. Energy is a limited resource and 

therefore animals experience strong natural and sexual selection to adaptively allocate energy 

between different competing needs. The standard metabolic rate (SMR) is a measure of the 

resting, minimal energy expenditure for self-maintenance. SMR can be viewed as the energy 

cost of the “engine” that is required for all the other energy demanding processes to operate. 

Thus, SMR is most likely closely linked to fitness (Burton et al., 2011).  

 

Body mass is the largest predictor of SMR at higher taxonomic and phylogenetic scales, such 

as when comparing vertebrate animal groups like birds and mammals (McNad, 2008; White & 

Kearney, 2019). Old studies proposed a universal allometric scaling relationship, commonly 

known as Kleiber’s law, claiming that SMR scales to the power of ¾ of body mass consistently 

across the tree of life (Kleiber, 1932). This was later incorporated into a Metabolic Theory of 

Ecology (MTE) that claimed to predict how metabolic rate controls ecological processes at all 

levels ranging from the individual to the biosphere (West, Enquist & Brown 1997; Brown et 

al., 2004). Essentially, the MTE propose strong physiological constraints on energy utilization 

and allocation as the main cause for the observed ¾ scaling among taxa which implies low 

evolvability of metabolic allometries (Brown et al., 2004; Voje et al., 2013) 

 

Past research by Kleiber and West, Enquist and Brown were performed on a wide range of 

species and based on general models of resource uptake and allocation. However, Kleiber’s 
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law is currently being challenged by several scientists since more recent studies on multiple 

organisms reveal scaling exponents that are significantly different from 0.75 (Glazier, 2005; 

Glazier 2006; White et al. 2013; White et al. 2019). At lower phylogenetic scales, such as 

within orders and between species, factors like sex, activity level, reproductive behavior can 

all affect SMR (Gregory, 2002; Glazier, 2005; Videlier et al., 2021). Several studies, 

predominantly on birds and mammals, have demonstrated variation in metabolic scaling 

between different taxonomic groups, species and between sexes within species (White et al., 

2019; Videlier et al., 2019). Accordingly, it was recently proposed that natural or sexual 

selection can act upon organisms’ entire suite of life history traits to optimise metabolic rate 

according to their ecology (Arnqvist et al., 2022; White et al., 2022) 

 

The mechanistic basis for the variation in metabolic allometries is poorly understood and needs 

further investigation. Although body mass is the largest predictor of SMR, it has been 

suggested that species can fine tune their metabolism by changing lower-level molecular traits 

such as cell size, cell number and genome size (Vinogradov 1995; Kozlowski et al., 2003; 

Kozlowski & Konarzewski, 2005; Starostova 2009; Chown et al., 2007). Among vertebrates, 

the evolution of flight and small genomes seem to have evolved independently and in concert 

multiple times which is thought to be adaptive for their active lifestyle by reducing metabolic 

costs of a larger genome (Gregory, 2002). At high taxonomic levels, a correlation between 

average cell size and genome size (C-value) have been documented, however, at lower 

taxonomic levels this pattern ceases to exist, and it has been suggested that the cell size is 

phenotypically plastic (Pagel and Johnstone 1992; Starostova et al. 2008). It is also possible 

that one genome size can correspond to multiple cell sizes within species. If animals are able 

to make concerted changes in cell size and cell number, smaller but more numerous cells would 

mean a higher mass-specific metabolic rate by increasing the volume-to-surface ratio which 

would enable a faster gas exchange in the cells (Glazier, 2022). Moreover, it might rather be 

cell size and not genome size that affects the metabolic rate at lower taxonomic levels 

(Starostova et al., 2009). The fact that species are able to fine tune metabolism by optimising 

traits that correlate with metabolic rate implies that Kleiber’s law should more accurately be 

seen as a trend than an absolute law. 

 

To complicate matters further, SMR also scales exponentially with temperature explained by 

the Boltzmann factor and the temperature dependence of reaction rates (Clarke, 2004). 

Nevertheless, a relatively new concept called the Thermal Compensation Hypothesis (TCH) 

suggests that animals can escape power laws by local adaptation to certain environments and 

therefore maintain a more optimal metabolic rate (Seebacher & Little, 2021). Thermal 

adaptation is especially important for ectotherms due to their limited thermoregulatory ability 

(Irlich et al., 2009). Mitochondrial respiration produces 90% of the energy used by cells in the 

form of adenosine triphosphate (ATP) (Nicholls & Ferguson, 2013). Since various traits and 

abiotic factors, such as activity level and ambient temperature, affect the energy need, many 

animals can up and downregulate the mitochondrial volume and respiration rate accordingly 

(Stier et al., 2019). Nord et al.’s (2021) studied birds and showed that there was an increase in 

mitochondrial volume between autumn and winter. This increase was not connected to ATP 

synthesis, but rather to the uncoupling of the electron transport from ATP production (Nord et 
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al. 2021). This uncoupling is exothermic which increases heat production in cells in winter. 

Since species vary in cold tolerance, further studies of mitochondrial volume in various taxa 

might provide valuable insights into the mechanistic basis of thermal adaptation. 

 

In this study, I measured SMR within a variable insect species belonging to the order Odonata: 

the common Bluetail Damselfly (Ischnura elegans), and I compared metabolic traits between 

different female colour morphs and sexes (males, females). The females in this species occur 

in three different colour morphs (Fig. 1). Colour morph development is controlled by a single 

autosomal locus with three alleles in a dominance hierarchy, where one is an androchrome 

female morph, or  a “male-mimic'' resembling the male’s blue colour (Svensson et al. 2009, 

Willlink et al. 2019). These androchrome females have an advantage in avoiding male mating 

harassment and they do not need to exert the same level of female mating resistance as the two 

other female morphs (Gosden & Svensson, 2007). Such female morphs in various taxa, 

including I. elegans, also differ in other traits including thermal physiology, mating behaviours 

and fecundity (Sinervo & Svensson, 2002; Lancaster et al., 2017). Lancaster et al. (2017) 

showed in field studies and experiments that androchrome females might be more cold tolerant 

and have a greater acclimatisation ability in colder temperatures and Svensson et al. (2020) 

came to a similar conclusion based on mesocosm experiments and large-scale geographic 

surveys of morph frequency variation across Europe. In brief: the male mimicing females seem 

to be better adapted to colder climates and exist at a higher frequency at higher latitudes. These 

results suggest that there might be an interaction between the colour morph locus and other loci 

for physiological traits impacting thermal adaptation. Furthermore, androchrome females have 

a shorter development time and reach an adult reproductive stage faster than the other two 

morphs (Svensson et al. 2020). Taken together, these results give good reasons to believe that 

metabolism is both temperaturedependent and affected the female colour morphs in different 

ways (Dillon et al., 2010; Lancaster et al., 2017; Svensson et al., 2020).  

 

 

 
FIGURE 1 The three female morphs of Ischnura elegans: A) Androchrome (”male mimic”), B) 

Infuscans and C) Infuscans-obsoleta. Figures originally made by Jessica Abbott, subsequently modified 

from Svensson et al. (2009).  

 

The primary goal  in this study was to quantify intraspecific variation in SMR in I. elegans and 

compare the two sexes and the three different female colour morphs. Because males and 

females might have different trait optima, caused by differences in life history, and because the 

female morphs differ in traits associated with thermal tolerance, I predicted that both the sexes 

and female morphs should differ in their metabolic allometries, either slopes or intercepts, or 

both. I also compared cell properties between different Odonate species and its relationship 
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with body mass and SMR to address the question about the possible mechanistic basis of 

variation and evolvability of metabolic allometries. 

 

In addition to measuring SMR, I also experimentally manipulated temperature and measured 

individual variation in SMR across three different temperature regimes, ranging from  cold 

(15°C), benigh (25°C) to hot (35°C). For males, I compared the SMR:s of mated and non-

mated individuals to search for signs of sexual selection operating SMR and body mass. In 

addition to SMR, I measured cell size and nucleus size of 20 species of Odonata, captured in 

the field and subsequently measured with respect to SMR and by extracting and analysing 

insect hemolymph using a high-resolution imaging system. By quantifying these phenotypic 

and molecular factors that can explain SMR, I aimed to obtain a better understanding of the 

factors explaining intra. and interspecific variation in SMR and evaluate different models of 

how SMR is linked to essential and non-essential energy expenditure. With a more detailed 

mechanistic understanding of what causes differences in SMR, we could hopefully better 

understand the evolution of metabolic rates within and across species and thereby also gain a 

better understanding of population dynamics, life history evolution and thermal adaptation 

within and across species. 

  

 

Methods 

 

Collecting specimens 

I went to 17 different field sites in Scania, between June 24th and July 29th 2022 (Fig. S1, 

Appendix) and collected Odonate specimens for two separate datasets. In total, I collected 351 

individuals, where 297 of them were 133 males and 164 females of I. elegans and the remaining 

54 constituted 20 different species of Odonata (Table S8, Appendix). All individuals of I. 

elegans were used for metabolic measurements and the different species were used for analysis 

of cell properties. Collected individuals were kept in mesh cages (height: 24 cm, diameter: 14 

cm) and stored overnight in a cold room at 5°C. Standard metabolic rate (SMR) measurements 

or haemolymph extraction occurred the following day. 

 

Metabolic rate: stop-flow respirometry 

Standard metabolic rate (SMR) was measured by stop-flow respirometry (Lighton, 2008) 

which is a method that measures the carbon dioxide production of an organism. The animals 

were contained within a hermetically sealed polypropylene metabolic chamber of the size 8.5 

x 1.5 cm which was small enough so that the damselflies could not move and fly around. The 

chambers were open-ended and closed with a rubber stopper connected to a valved tubing 

coupling using Bev-A-Line IV tubing plug (Omega Engineering, Manchester, United 

Kingdom) on each open end. In order to study how the different female morphs respond to 

temperature with regards to SMR, the stop-flow respirometry was performed on all individuals 

across three different temperature regimes:  15°C (cold), 25°C (benign) and 35°C (hot). 
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To measure the CO2-production by stop-flow respirometry, atmospheric air was pulled through 

a drying column containing drierite (Alfa Aesar), ascarite (Acros Organics) to remove H2O and 

CO2, respectively (SS4 sub sampler, Sable Systems, Las Vegas, NV, USA). Dry, CO2-free air 

was then pushed through the metabolic chamber with the animal inside at a flow rate of 200 

ml/min (standard temperature and pressure, dry [STPD]) to flush the atmosphere. The chamber 

was then sealed and incubated at 25±1°C for 60 min. Once incubated, the chamber atmosphere 

was evacuated at 200 ml / min and CO2 was measured (Fig. 2) using a CA-10 Carbon Dioxide 

Analyzer (Sable Systems) after being passed through an anhydrous magnesium perchlorate 

drying column to remove H2O. 

 

 
FIGURE 2 An example of respirometry output in software Expedata for measuring SMR. 

Peaks correspond to the amount of carbon dioxide produced by the individual evacuated after 

incubation. These individuals are of damselfly species I. elegans. All measurements were 

carried out at 25°C and the x and y-axis correspond to amount of CO2 and time, respectively. 

  

Instantaneous CO2 production rate was calculated using equation 10.4 in Lighton (2008) and 

was integrated over the time taken to evacuate the atmosphere to derive total CO2 produced by 

the animal. This value was divided by incubation time to derive CO2 production rate in ml / 

min. Before and after every metabolic measurement I measured the fresh weight of each 

individual using a precision scale (Tillquist 2001, Växjö, Sweden). The animals were then 

killed by freezing and dried overnight in an oven (Termaks, Kungsbacka, Sweden). The dry 

mass was measured the morning after. 

 

Extraction of hemolymph 

To measure cell properties, I first prepared a cell suspension by extracting insect hemolymph 

from the 20 Odonate species. This was done by cutting of the tip of the abdomen followed by 

pressing it gently to create a small droplet of hemolymph that was collected in a 5 ml Eppendorf 

tube containing fixation fluid that fixates the cells in the haemolymph for analysis. The fixation 

fluid consisted of 20 µL 1:1 4% formalin and 0.15 M PBS. The fixated cells were then stored 

in 8°C in approximately two months until the cells were analyzed. 
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Cell size and nucleus size: Imaging 

The cell suspensions, containing fixed cells, were used for imaging. To enhance the 

visualization of the cells, the cells were stained with the anthraquinone dye DRAQ5™ (Thermo 

Scientific) which has high affinity for double stranded DNA. The dye is excited at a wavelength 

of 488 to 647 nm and can thus be detected using a microscope. This was done using the 

Operetta CLS High-Content Analysis System, an imaging system which provides high 

resolution images and trait values of stained cells (Fig. 3). To stain the cells, a stock solution 

containing DRAQ5™ was created by diluting the dye with PBS-buffer to 5uM. To a 96 well 

imaging plate, 100 µL of the stock solution was added to each well followed by 20  µL of cell 

suspension so that each well contained cells from one species. In total, 62 wells were prepared. 

The imaging plate, containing the prepared cells, were left to be stained and sedimented for 30 

minutes before imaging. The cells were then analyzed using the supplied Harmony software 

on a computer by running a customized protocol creating high resolution images and trait 

values for cell size, nucleus size, nucleus roundness, nucleus width-length-ratio and nucleus 

intensity. To not accidentally include several cell types in the analysis, I used a protocol that 

excluded cells deviating from the protocol criteria. 

 

 

 
 FIGURE 3 An example of cell imaging of species Anax 

imperator using the Operetta CLS High-Content Analysis System. 

Cells were stained with DRAQ5™. 

 

Statistical analysis 

Metabolic allometry. To test the effect of body mass, temperature, sex and morph on SMR as 

a dependent variable, I performed linear mixed models and ANOVAs in R (v4.2.2; R Core 

Team, 2022) using package lme4 (v.1.1.31; Bates et al., 2015) on log-transformed data. I had 

69 androchromes, 69 infuscans and 24 infuscans obsoleta, 161 females in total and 133 males. 

Body mass was included as a continuous independent variable whereas temperature, sex and 

female colour morph were included as discrete fixed factors. Individual, population of origin 
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and date were included as random factors in these mixed models. I analyzed two separate 

models for morphs and sexes and I also tested for two-way and three-way interactions with 

body mass, temperature and morph or sex. The models were reduced to the one with the highest 

AIC-score and without non-significant interaction terms. 

 

Sexual selection. I tested the effect of SMR and body mass on male mating success on centered 

and log-transformed data of body mass and SMR in a generalized linear mixed model. I 

performed multiple where I either used SMR in one temperature (15°C, 25°C or 35°C) or the 

pooled average SMR. I estimated the selection gradients for SMR and body mass in a linear 

model and a fitness surface was created with the mgcv package (v1.8.41; Wood, 2017).  

 

Cell properties. Cell size and nucleus size data were pooled, and an average was calculated 

for each species. I performed two-way ANCOVAs with cell size or SMR as dependent 

continuous variables and nucleus size, body mass or cell size as independent predictor 

variables. To account for phylogenetic relatedness, I repeated the analyses using phylogenetic 

generalized least squares (PGLS) (Grafen 1989; Martins and Hansen 1997; Garland and Ives 

2000) implemented in the caper package (v1.0.1;Orme et al., 2018) and the most 

comprehensive Odonata phylogeny available (Waller & Svensson, 2017). 

 

 

Results 

 

The results on intraspecific variation in metabolic allometries within and between sexes and 

the female morphs were analysed in linear mixed models with SMR as dependent variable, 

body mass and temperature as independent variable and individual, population and as random 

factors. Both body mass and temperature both had strong and significant effects on SMR, but 

there were no significant differences between the three female colour morphs (Fig. 4; Table 

1S-3S, Appendix). When I compared the sexes, there is a significant interaction term between 

sex and temperature, indicating a sex-specific temperature response regarding the metabolic 

allometries of males and females. Males seemed to have a slightly steeper metabolic allometry 

in 15°C and 35°C, while the sex-specific allometries converged and became similar in 25°C 

(Fig. 5). The significant allometric slopes for the morphs and sexes ranged from 0.35 to 0.67, 

judged by 95% confidence intervals (CIs; Table 1S-3S, Appendix). Although almost all the 

slopes were lower than the slope predicted by “Kleiber’s Law” (0.75), only 3 out of the 12 

slopes in total were significantly lower than 0.75, judged by overlapping CIs. Furthermore, 

none of the slopes are significantly different from each other. 
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FIGURE 4  Allometric relationships  between log-transformed body mass and standard metabolic rate 

(SMR) across three different temperature regimes:  15°C, 25°C and 35°C. The three female colour 

morphs of I elegans are coded as blue (Androchrome), green (Infuscans) and red (Infuscans obsoleta). 

For regression equations, see Appendix (Table S1-S3). 

 

 

FIGURE 5  Allometric relationships between log-transformed body mass and standard metabolic rate 

(SMR) in 15°C, 25°C and 35°C for males and females of I. elegans. Males (blue) and females (red) are 

shown in different colours. For regression equations, see Appendix (Table S1-S3). 

 

Because males of I. elegans exhibit aggressive mating behaviours and compete for a female, 

which is physically demanding, it is reasonable for both metabolic rate and body mass to be 

critical for mating success. By comparing mated and non-mated males caught in the field, I 

performed linear mixed models to study the effect of individual variation in body mass and 

SMR on male mating success. Within each temperature treatment, I found evidence for 

stabilizing selection on SMR and/or body mass (Table S4, Appendix). Using the pooled data 
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with an average SMR resulted in nearly significant selection on both SMR and body mass (Fig. 

6; γSMR   = -0.66, p = 0.059; γBody mass = -0.47, P = 0.056; Table S4, Appendix). 

 

 

FIGURE 6 Fitness surfaces showing sexual selection on SMR and body mass among field-caught 

males of I. elegans. Mating success is defined as the relative fitness between mated (1) and non-mated 

(0) males. Here I used pooled SMR data from the individual males of the average SMR across 15°C, 

25°C and 35°C. Body mass and SMR both show nearly significant stabilizing selection. 

 

The 20 different species of Odonata (Fig S2, Appendix) showed large variation in cell size 

ranging from 88 µm2 to 1892 µm, and they ranged in body mass from 10.4 mg to 354.2 mg 

(Table S8, Appendix). After correcting for phylogeny, I found a significant hypoallometric 

relationship between body mass and cell size across these 20 species (P=0.038, R2=0.22, N=20;  

Fig. 6; Table S5, Appendix) with a slope of 0.074. Thus, larger species on average had larger 

cells, although there was considerable scatter in this general interspecific relationship. The 

small damselfly species I. elegans, for instance, has a relatively large cells (152 µm2) relative 

to its body mass, whereas the large dragonfly species A. cyanea has relatively small cells (124 

µm2) relative to its body mass (Fig. 7). Thus, although this interspecific relationship was 

significant and body mass explained 22% of the variance in cell size, cell size is certainly not 

the only predictor of body mass. This suggests that body mass may not be strongly constrained 

by cell size or vice versa but a given cell size can correspond to multiple body sizes on smaller 

phylogenetic scales.   
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FIGURE 7 Allometric relationship  between logarithmic cell size and logarithmic nucleus size across 

20 Odonate species (Table S6, Appendix). Using a phylogenetic generalized linear model (PGLS) I 

found that cell size is a significant predictor of nucleus size and explains 76% of the variation in nucleus 

size (Table S5, Appendix). The relationship is significantly hypoallometric with a slope of 0.074. 

 

 

Cell size and nucleus size showed a strong nearly isometric relationship (P<0.001, R2=0.82, 

N=20;  Fig. 8A; Table S5, Appendix), with a slope of 0.9316. The nucleus of smallest cells 

covers between 34 and 36% of the entire cellular area, whereas the nucleus of larger cells 

covers between 30 and 31% of the entire cellular area. As the slope coefficient indicates, this 

is a very slight decrease in relative nucleus size with increasing cell size. The equation explains 

76% of the variation in nucleus size (P<0.001, R2=0.76, N=20;  Fig. 7B). Because cellular 

metabolic rate contributes to the whole-body SMR, apart from body mass, I wanted to test if 

the cell size or nucleus size also explains SMR in the different species of Odonata. The PGLS 

model, taking both body mass and phylogeny into account, showed that SMR did not scale 

with either cell size nor nucleus size (Table S6-S7, Appendix; Fig. 9). Instead, given the 

significant relationship between body mass and cell size, these results suggest that cell size 

may indirectly affect SMR through body mass. If SMR is not directly affected by cell size, 

concerted changes in cell size and cell number, would be expected to give rise to the same body 

mass, which in turn could result in several different metabolic rates.  

 



11 
 

 
FIGURE 8 Allometric relationship  between logarithmic cell size and logarithmic  nucleus size across 

20 species of Odonata (Table S6, Appendix). In the PGLS model, cell size is a significant predictor of 

nucleus size and explains 76% of the variation. (Table S5, Appendix). The relationship is near isometric 

with a slope of 0.93. This means that larger cells only have a slightly relatively smaller nucleus than 

smaller cells. 

 

    

FIGURE 9 Non-significant allometries between A) cell size and SMR and B) nucleus size and SMR. 

Data from 20 species of Odonata. Data were analysed using a PGLS model, taking both body mass 

and phylogeny into account (Table S5-S6, Appendix). 

 



12 
 

Discussion 

 

The constraints and evolvability of metabolic allometries is subject to ongoing debates (White 

et al., 2022; Aggutter & Wheatley, 2004; Kozlowski & Konarzewski, 2004; Hulbert, 2014; 

Starostová et al., 2009). Increasing empirical evidence contradict the simplistic assumptions of 

the MTE (White et al., 2019; Videlier et al, 2009; Glazier, 2006). Instead, more focus is directed 

at the interplay between metabolic rate and ecology where SMR is increasingly viewed as a 

result of life history optimization. The result of this are dynamic patterns of metabolic scaling 

with body mass and different scaling exponents emerging as a by-product of such optimization. 

However, the mechanistic basis for differences in SMR have remained largely unknown in 

research aiming to understand the evolution of metabolic rates. This study provides insights 

into intraspecific variation of SMR in a damselfly species, I. elegans, by measuring SMR of 

300 individuals across three different temperatures. In this study, I was able to address in the 

temperature-, sex- and morph-specific metabolic responses connected to thermal adaptation.  

 

Even though female morphs of I. elegans differ in multiple traits, including thermal tolerance, 

fecundity and resistance towards male mating harassment (Sinervo & Svensson, 2002; 

Lancaster et al., 2017, I do not find any significant differences in the metabolic allometries or 

temperature response between the three female morphs. For the sexes, however, I found 

evidence of a significant interaction term between sex and temperature, indicating that males 

and females respond differently to changing temperatures. Males seem to have steeper slopes 

in cold and hot temperature, whereas the slopes converge in intermediate temperatures. This 

sex-specific temperature response might be adaptive or maladaptive as a consequence of 

correlational selection on other traits specific to males or females. For instance, a study on 

Drosophila revealed a positive correlation between SMR and activity level in males, suggesting 

that more active individuals have higher maintenance costs (Videlier et al., 2019). In 

Drosophila melanogaster, like many other species, males have a higher activity level in general 

which might in turn be reflected in the metabolic allometry. It is possible that the observed 

interaction effect of sex and temperature on SMR in I. elegans, is a result of sex-specific 

selection on traits affecting the resting metabolism and thermal tolerance. 

 

The majority of allometric slopes between the morphs and sexes are estimated to around 0.6 

although only 3 out of 12 slopes were significantly lower than the expected 0.75 according to 

Kleiber’s law. None of the slopes were significantly different from each other, and one 

explanation for the conserved slope within this species could be high selection pressures for a 

certain allometry that is linked to ecology and life history. Recent theories suggest that 

metabolic scaling is a product of life history optimization rather than body size constraints 

(White et al., 2022). Even though males and females could differ in trait optima that would 

cause differences in SMR, those selection pressures might be masked by strong selection 

pressures linked to damselfly ecology, such as behavior involving flight. It is possible that there 

is no space for alterations in metabolic scaling in I. elegans. I also find evidence of stabilizing 

sexual selection on both SMR and body mass which indicates that the population have reached 

their optimum for being able to copulate. Nevertheless, I find no correlational selection but 
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there are levels of sexual selection where it would be possible to observe correlational selection. 

One example is sperm competition. Female damselflies can mate multiple times resulting in 

sperm competition between males. Females of I. elegans have two organs for sperm storage: 

bursa copulatrix and spermatheca (Miller, 1987). When females mate multiply, selection might 

thus act to improve the probability of a competing sperm to fertilize the egg. For instance, 

males have evolved genitalia that can remove sperm from the previous mate (Waage, 1979). 

However, sperm competition might also involve differences in sperm production and 

maintenance, which is linked to metabolism. An individual could either invest energy in 

producing sperm of higher quality or quantity which both can improve the odds of fertilization. 

A study on seed beetles (Baur & Berger, 2020) show that socio-sexual interactions under strong 

sexual selection leads to males investing more energy in sperm production rather than 

maintenance. This could be a factor playing part in shaping metabolic allometry but needs to 

be further studied. 

 

Videlier (2019) proposed several models to account for the relationship between SMR and non-

essential energy expenditure. One of them describe an energy budget that can be allocated 

between different competing energy demanding needs: High maintenance might be beneficial 

for survival but would come at a cost, resulting in trade-offs between reproductive rate and 

other life history traits. Since flight is an energy demanding process, dragonflies and 

damselflies might have a tight energy budget and limited ability to adjust important life history 

traits in relation to SMR. This could explain why we do not see any pronounced differences in 

metabolic scaling, neither within nor between species, as I have shown here. Evolution of the 

allometry could be constrained by ecological factors rather than reflecting physiological 

constraints. Other models focus on investment in activity level or reproductive rate, for instance 

the need for a large metabolic machinery that would lead to a high-maintenance cost. This 

could also be the case for dragonflies and damselflies, however, then we would expect more 

articulated differences between the sexes due to large differences in activity and reproductive 

investment. 

 

The species in this study all belong to the insect order. It is reasonable to assume that no major 

differences have occurred in relative cell size within the body and therefore I use hemocytes as 

a common proxy for cell size. In this study, I analyzed hemocytes in the hemolymph of 20 

species and found that cell size almost scales isometrically with nucleus size. Thus, large and 

small cells do not differ dramatically in relative nucleus size. Malerba and Marshall  (2021) 

compiled cell volume and nucleus volume data from 900 species and found significantly 

positive slopes between cell size and cell size: nucleus ratio within lineages, genera and species. 

I would argue, however, that it can be problematic using ratios, as plotting a ratio against a 

variable that is also part of the ratio, in this case cell size, could result in spurious 

autocorrelations. Nevertheless, Malerba and Marshall (2021) suggested that hypoallometric 

scaling of SMR could drive hypoallometric scaling of nucleus size, or vice versa. Noteworthy, 

in 57 species of Odonata, the interspecific metabolic relationship is isometric, rather than 

allometric (Metz, 2021, unpublished; Schönberger, 2023, unpublished) with a metabolic slope 

that is not significantly different from unity. Furthermore, mass-specific SMR does not 

decrease with body mass among these insects. Other studies suggest that larger cells have 
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relatively smaller nuclei is a consequence of body size evolution where selection acts against 

accumulation of non-coding DNA (Kozlowski et al., 2003). A smaller genome would imply 

lower metabolic costs which might facilitate the evolution of larger body sizes. In the 20 species 

I studied, I did find a hypoallometric relationship between cell size and body mass. Body mass 

explained 22% of the variation in cell size. Studies over large geographic scales often find that 

ectotherm body sizes are smaller in warmer habitats at lower latitudes, comparable to 

Bergmann’s rule (Heinze et al., 2003; Angilletta et al., 2004), a pattern also found in Odonata 

(Svensson et al. (2023). It has accordingly been suggested that Bergmann’s rule is a 

consequence of concerted changes in cell size and cell number, giving rise to a variety of body 

masses, adapted to different environments (Czarnoleski et al., 2013; Vijendravarmac et al., 

2011; Zhou et al., 2007). Studies on Drosophila melanogaster show that individuals with 

smaller cells are less prone to oxygen limitation than individuals with larger cells, suggesting 

that smaller cells can be a strategy in maintain physiological demanding activities (e.g. flight) 

(Peck & Maddrell, 2005; Szlachcic & Czarnoleski, 2021). In conclusion, it is interesting that I 

found such a significant relationship between body mass and cell size in Odonata, despite 

potential noise and measurement errors which could be an adaptive result of concerted life 

history and body size optimization and evolution. 

 

In the PGLS model, neither cell size nor nucleus size had a significant effect on SMR, which 

was only affected body mass. Here I propose that cell size could instead affect SMR through 

body mass indirectly through another causal path. Variation in whole-body SMR between 

similar body masses and cell sizes could be influenced by other physiological and cellular 

factors (e.g. membrane permeability) which in turn affect the metabolic allometry. Taken 

together, my results support the theory that ectotherms could achieve larger sizes by increasing 

their cell sizes. Furthermore, there seems to be weak physiological constraints on the evolution 

of relative nucleus size and cell size and SMR does not seem to be directly affected by neither 

cell nor nucleus size. More importantly, my results suggest that there is a possibility for 

evolutionary optimization and fine tuning of metabolism through concerted changes in various 

cell properties.  

 

The metabolic allometry of adult individuals is rarely constant during the course of ontogeny. 

Typically, allometric slopes become less steep when reaching adulthood (Yagi et al., 2010; 

Glazier, 2022; Oikawa et al., 1991). Therefore, studying the SMR of larvae of I. elegans would 

provide valuable insights into the ontogenetic changes of metabolic allometry. It is of particular 

relevance since the larvae are the ones that overwinter in the temperate regions at high latitudes. 

A recent study on beetle larvae (Wang et al., 2016) showed how the development of the 

overwintering stage was associated with changes in enzymatic activities and expression 

patterns that significantly decreased the mortality during the coldest months of the year 

compared to the spring and summer. Such physiological plasticity might also be present in the 

aquatic larvae of I. elegans, which emerge in late spring the following year when temperatures 

rise. Damselfly larvae are likely to experience strong selection pressures to endure the cold 

winter and such selection could possibly shape metabolic rates and changes between early 

ontogeny and adulthood. Furthermore, there might be different metabolic allometries among 

the three female colour morphs during the larval stage, even though I did not find any such 
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differences between the morphs during the adult stage in this study. Thus, selection during the 

larval stage could potentially result in correlated responses on adult phenotypes (Abbott and 

Svensson 2005). In summer, where temperatures often reach 25°C or higher, such selection 

pressures on cold tolerance that the larvae experience might be relaxed. Other insect studies 

have also documented strong physiological changes during the development of an 

overwintering stage (Campbell et al., 2007; Koštál et al., 2011). Therefore, research on the 

SMR in the larvae of I. elegans during the overwintering stage should be important to 

investigate in the future to improve our understanding of the differences in cold tolerance 

between the morphs. Likewise, since the mitochondria ATP produces 90% of the ATP in an 

organism, studies on mitochondrial respiration and mechanisms would potentially provide 

valuable links to SMR and temperature responses (Nord et al., 2021). 

 

In small ectotherms, a minor change in allometry can have major fitness consequences for the 

animal. To draw more firm conclusions about the intraspecific variation in I. elegans, we need 

more SMR data to cover a wider range of body masses to better estimate the allometry. 

Nevertheless, in this study, I found evidence of scaling coefficients in intraspecific allometries 

that was slightly lower than the expected 0.75 according to Kleiber’s law and the MTE. 

Furthermore, the metabolic allometries within I. elegans differ from the interspecific more 

isometric allometry of 57 Odonata species that we also measured this summer (D. Schönberger, 

M. Metz, A. Nord and E. I. Svensson unpublished data). Although body mass is a predictor of 

cell size, I found no significant relationship between SMR and cell size across these 20 species. 

In conclusion, my results indicate that metabolic rate is less physiologically constrained than 

has previously been thought. Therefore, we should be careful with the assumptions we make 

about low evolvability of metabolic allometries and further explore the idea that metabolic 

allometry is rather a result of life history optimization than only reflecting physiological 

constraints. 
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Appendix 
 
Table A1. Results of intraspecific regression analyses of the allometric relationships between 

log10(SMR) and log10(body mass) in the morphs and sexes of Ischnura elegans in 15°C. 

15°C 

Morph/Sex slope intercept R2 P Df F-value 

Androchrome 0.61 ± 0.33 -2.38 ± 0.63 0.16 <0.001 1, 67 12.46 

Infuscans 0.35 ± 0.35 -2.85 ±  0.63 0.06 0.05 1, 67 3.997 

Infuscans obs. 0.26 ± 0.41 -3.07 ±  0.80 0.07 0.23 1, 22 1.558 

Male 0.64 ± 0.27 -2.30 ± 0.53 0.14 <0.001 1, 133 21.57 

Female 0.52 ± 0.20 -2.55 ± 0.35 0.15 <0.001 1, 160 27.78 

 

Table A2. Results of intraspecific regression analyses of the allometric relationships between 

log10(SMR) and log10(body mass) in the morphs and sexes of Ischnura elegans in 25°C. 

25°C 

Morph/Sex slope intercept R2 P Df F-value 

Androchrome 0.57 ± 0.31 -2.17 ± 0.59 0.15 <0.001 1, 66 12.04 

Infuscans 0.57  ± 0.40 -2.16  ± 0.73 0.11 0.007 1, 67 7.883 

Infuscans obs. 0.52  ± 0.51 -2.30  ± 0.96 0.16 0.056 1, 22 4.061 

Male 0.59 ± 0.25 -2.15  ± 0.49 0.14 <0.001 1, 132 21.42 

Female 0.62  ± 0.20 -2.08  ± 0.37 0.18 <0.001 1, 159 35.69 

 

Table A3. Results of intraspecific regression analyses of the allometric relationships between 

log10(SMR) and log10(body mass) in the morphs and sexes of Ischnura elegans in 35°C. 

35°C 

Morph/Sex slope intercept R2 P Df F-value 

Androchrome 0.46 ± 0.29 -2.11 ± 0.53 0.12 0.003 1, 67 9.379 

Infuscans 0.36 ± 0.37 -2.28  ± 0.67 0.05 0.056 1, 67 3.787 

https://doi.org/10.1371/journal.pone.0000490
https://doi.org/10.1111/j.1095-8649.1991.tb03136.x
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Infuscans obs. 0.62  ± 0.59 -1.82  ±  1.12 0.17 0.049 1, 21 4.367 

Male 0.67  ± 0.22 -1.72  ± 0.43 0.21 <0.001 1, 133 35.91 

Female 0.51 ± 0.20 -2.02  ± 0.37 0.14 <0.001 1, 159 25.57 

 

 
Table S4. Results of a generalized linear mixed model analysing how SMR and body mass predict 

mating success in males of I. elegans. 

Sexual selection model 

 
15 25 35 Pooled data 

 estimate P estimate P estimate P estimate P 

βSMR -0.18 ± 0.49 0.48 -0.24 ± 0.45 0.30 -0.26 ± 0.47 0.28 -0.31 ± 0.51 0.19 

βBody mass 0.06 ± 0.47 0.79 0.16 ± 0.45 0.50 0.13 ± 0.45 0.58 0.13 ± 0.47 0.59 

γSMR -0.33 ± 0.33 0.049 -0.030 ± 0.27 0.83 -0.28 ± 0.25 0.038 -0.27 ± 0.27 0.059 

γBody mass -0.24 ± 0.22 0.031 -0.27 ± 0.20 0.011 -0.21 ± 0.22 0.056 -0.21 ± 0.22 0.056 

 
Table S5. Results from a PGLS-model analysing the allometric relationships between body mass and 

cell size, and cell size and nucleus size in 20 Odonate species (Table S8, Appendix) 

PGLS models 

cell size~body mass nucleus size~cell size 

coefficients estimate t-value P coefficients estimate t-value P 

intercept 1.99 ± 0.12  31.77 <0.001 intercept 0.60 ± 0.39 -0.031 0.98 

body mass 0.074 ± 0.065 2.24 0.038 cell size 0.93 ± 0.24 7.60 <0.001 

R2 = 0.22, λ = 0 , AICC = -43.3 R2 = 0.76, λ = 0.26, AICC = -67.9 

 

 
Table S5. Results from a PGLS-model analysing how cell size 

and body mass predict SMR in 20 Odonate species (Table S8, 

Appendix) 

PGLS model 

SMR~cell size + body mass 

coefficients estimate t-value P  

intercept -5.12 ± 1.23  -8.11  <0.001 

cell size 0.33 ± 0.62  1.04 0.31  

body mass 1.02 ± 0.10 19.2 <0.001 

λ = 0,  AICC = -28.9 
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Table S5. Results of a PGLS-model analysing how nucleus 

and body mass predict SMR in 20 Odonate species (Table 

S8, Appendix) 

PGLS model 

SMR~nucleus size + body mass 

coefficients estimate t-value P  

intercept -4.54 ± 1.10  -8.24  <0.001 

nucleus size 0.05 ± 0.69  0.13 0.31  

body mass 1.04 ± 0.10 20.2 <0.001 

λ = 0,  AICC = 27.7 

 

 

 
FIGURE S1 The sites in Skåne where the different Odonata species in this study 

were collected. 
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FIGURE S2 Phylogenetic tree of the 20 Odonate species that were included in this study. 

 

 

Table S8.  A list of the collected specimens of damselflies and dragonflies that were 

included in this study and their mean nucleus size, cell size, body mass and SMR. 

Species x̄ nucleus 

size (um) 

x̄  cell size x̄ body mass 

(mg) 

x̄ SMR (ml 

CO2/min) 

Calopteryx splendens 33.9 95.2 46.2 0.001529 

Lestes virens 29.7 88.0 10.4 0.000359 

Orthetrum coerulescens 39.5 118.1 83.2 0.004230 

Cordulegaster boltonii 57.4 188.9 326.6 0.011001 

Leucorrhinia dubia 40.6 119.3 50.6 0.002491 

Brachytron pratense 57.8 159.3 180.4 0.007248 

Onychogomphus forcipatus 42.4 132.3 99.6 0.004089 

Aeshna isoceles 53.7 173.4 256.1 0.013888 

Orthetrum cancellatum 42.8 116.9 159.1 0.006193 

Ischnura pumilio 39.6 112.1 10.5 0.000503 

Pyrrhosoma nymphula 42.4 116.0 18.2 0.000397 

Lestes sponsa 46.1 143.3 21.4 0.000770 

Sympetrum striolatum 35.6 129.7 66.5 0.002740 

Libellula fulva 43.7 126.1 157.8 0.004614 

Ischnura elegans 46.8 151.7 10.9 0.000523 
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Aeshna mixta 50.2 164.6 157.7 0.008150 

Aeshna cyanea 36.6 124.3 274.2 0.013087 

Coenagrion hastulatum 49.9 139.7 14.0 NA 

Sympetrum sanguineum 46.4 158.9 44.8 0.002071 

Anax imperator 39.9 148.0 354.2 0.017055 

 


