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Abstract 

 

The role of growth in metabolic scaling: a case study across habitats and life histories 

Guillermo García Gómez 

 

All life processes are powered by metabolism, and thus the metabolic rate of organisms provide 

a measure of their pace of life. Metabolic rate is linked to body size by many biological 

processes, involving self-maintenance, biomass production, and activity, all three ultimately 

related to fitness. Explaining the degree of variation in metabolic rate with body size has 

therefore become a central topic for ecologists, yet the mechanism(s) underlying this 

relationship, often termed metabolic scaling, remain enigmatic. In this thesis, I investigate the 

variation in metabolic scaling in response to different ecological and organismal factors in a 

broad diversity of ectotherms from extremely different habitats. First, using a meta-analytic 

approach, I determine the change in metabolic scaling within species of ectothermic vertebrates 

under both increasing temperature and activity level, exploring differences between air- (i.e., 

reptiles and amphibians) and water-breathing organisms (i.e., teleost fish and elasmobranchs). 

I demonstrate that scaling slopes become shallower as metabolic level (i.e., the elevation of the 

metabolic rate vs. body mass relationship) increases with warming only in water-breathers, 

whereas slopes steepen as metabolic level increases with locomotory activity only in air-

breathers. I explain these contrasting findings by combining various, complementary 

hypotheses involving mechanisms that evolved to protect aerobic scope in fish. Second, I show 

that allometric (log-log) metabolic scaling slopes decrease with increased maximum growth 

rates across species of teleost fish, suggesting that growth demands influence metabolic 

scaling. Using a theoretical model, I then characterise the energetic demands at rest in these 

teleost species, and show that growth costs remain largely invariant with species body size, 

lifestyle, and evolutionary history. These results highlight that systematic differences in 

metabolic scaling are important to understand different energy allocation strategies of species. 

Last, I examine ontogenetic shifts and sexual differences in metabolic scaling in a model 

crustacean species (Artemia franciscana), showing that variation in scaling slopes can be 

affected by changes in costs of biomass production between ontogenetic phases and 

reproductive modes. The potential roles of the cellular mode of growth on production costs and 

hence on metabolic scaling in this species are discussed. Overall, this thesis combines multiple 

mechanisms including evolutionary adaptations, plastic responses, and metabolic costs of 

various organismal activities, to explain the variation in the mass-scaling of energy use among 
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ectotherms and at various levels of biological organisation. Such a multi-mechanistic 

perspective may be crucial not only for a comprehensive understanding of metabolic scaling, 

but also to predict the impact of global change on animal communities. 

  



iii 

 

Acknowledgments 

Firstly, I thank my supervisors, David Atkinson and Andrew Hirst, for their support, insightful 

guidance, and help throughout the course of my PhD. I also thank Matt Spencer, who patiently 

taught me statistics, and helped me in many other ways. I am grateful to Leonie Robinson, for 

her contribution in early steps of this project, and to the School of Environmental Sciences that 

funded my PhD. Moreover, I thank Sam Patrick, who took care of my wellbeing and admin 

during challenging times. Secondly, thanks to my friends from the Ecology and Marine Biology 

department and beyond, Ruth, Kit, Alice W., Stefano, Tommy, Holly, Steph, Rhi, Curtis, 

Olivia, Alice T., Alice L., Joel, Jamie, Emma, and many others, from whom I have learned so 

much and will always have a place in my heart (and house). I also thank my friends elsewhere 

in Liverpool, in Lanzarote, and those who are my second family in Madrid. I thank Ale for his 

useful scientific advice and suggestions during this time. Lastly, special thanks to Lucía for her 

life advice, continuous support, and help throughout this process, but also to Anchoa for her 

interesting thoughts about small critters. And thanks to my loving family, particularly to my 

dad, Julito, who taught me crucial lessons on stoicism. 

  



iv 

 

Author contributions 

 

Guillermo García (GG) wrote Chapter 1, which was improved with comments and 

suggestions from David Atkinson (DA) and Andrew Hirst (AH). GG, AH, and DA designed 

the study and developed the hypotheses in Chapter 2. GG and Matt Spencer (MS) wrote the 

R code for the Bayesian models. GG collected and analysed the data. All authors contributed 

to writing this chapter. GG, DA, and AH designed the study and hypotheses of Chapter 3. GG 

and MS developed the methods. GG collected the data and conducted the statistical analyses. 

All authors contributed to writing this chapter. GG, DA, and AH designed the study and wrote 

Chapter 4. GG performed the experimental work, collected the data, and conducted the 

statistical analyses. GG wrote Chapter 5, which was further improved with comments and 

suggestions from DA and AH. 

  



v 

 

TABLE OF CONTENTS 

Chapter 1: General introduction ........................................................................................ 1 

1. Metabolic rate and the pace of life ............................................................................. 2 

2. The relationship between metabolic rate and body mass: a long-standing puzzle .... 4 

2.1. Context-dependent influences on resource supply ............................................. 7 

2.2. Resource demand of various metabolic processes .............................................. 9 

3. Variation in metabolic scaling within species ......................................................... 12 

4. Integrating approaches to explain metabolic scaling across and within taxa .......... 14 

5. Thesis outline ........................................................................................................... 15 

Chapter 2: Combining theoretical approaches to understanding the intraspecific 

variation in metabolic scaling: responses to temperature and activity differ between 

water- and air-breathing ectothermic vertebrates .......................................................... 17 

Abstract ........................................................................................................................ 18 

1. Introduction .............................................................................................................. 18 

2. Materials and Methods ............................................................................................. 23 

2.1 Data collection ................................................................................................... 23 

2.2 Data analyses ..................................................................................................... 25 

2.3 Extending the MLBH: quantifying effects of increased L on b ......................... 26 

3. Results ...................................................................................................................... 27 

4. Discussion ................................................................................................................ 30 

4.1 The effect of temperature ................................................................................... 31 

4.2 The effect of activity .......................................................................................... 33 

4.3 Intraspecific variation in metabolic scaling: Improving explanatory power ..... 35 

Chapter 3: Understanding the adaptive significance of metabolic scaling: interspecific 

variation in mass-scaling slopes may reflect different growth demands among teleost 

fish ....................................................................................................................................... 36 

Abstract ........................................................................................................................ 37 

1. Introduction .............................................................................................................. 38 

2. Material and methods ............................................................................................... 42 

2.1. Collection of metabolic scaling relationships ................................................... 42 

2.2. Estimating overhead costs of growth and maintenance metabolism ................ 43 

2.3. Comparing growth rate across species .............................................................. 44 

2.4. Linking metabolic and growth rates ................................................................. 46 

2.5. Further predictors of metabolic scaling ............................................................ 46 

2.6. Statistical analysis ............................................................................................. 47 

3. Results ...................................................................................................................... 50 

3.1. Growth rate covaries inversely with metabolic scaling slope across species 

(H1) .......................................................................................................................... 50 

3.2. The overhead costs of growth and maintenance metabolism exhibit similar 

temperature sensitivity (H2) .................................................................................... 52 

3.3. The overhead costs of growth are similar but maintenance metabolism varies 

among lifestyles (H3) ............................................................................................... 53 

3.4. Net growth efficiency is independent of body size, lifestyle, and phylogenetic 

relatedness (H4) ....................................................................................................... 55 



vi 

 

4. Discussion ................................................................................................................ 56 

4.1. Metabolic scaling slopes decrease with growth rates across teleost fishes ...... 56 

4.2. Temperature affects similarly the costs of growth and maintenance metabolism

.................................................................................................................................. 58 

4.3. Lifestyle shows no effect on the costs of growth, yet pelagic fishes exhibit 

higher maintenance metabolism .............................................................................. 58 

4.4. Growth efficiency is conserved across teleost species ..................................... 59 

4.5. The adaptive significance of interspecific variation in metabolic scaling ........ 60 

Chapter 4: The cost of biomass production changes during ontogeny and between 

reproductive modes in a model crustacean ..................................................................... 62 

Abstract ........................................................................................................................ 63 

1. Introduction .............................................................................................................. 64 

2. Material and Methods .............................................................................................. 70 

2.1. Animal rearing .................................................................................................. 70 

2.2. Growth rate ....................................................................................................... 71 

2.3. Metabolic rate ................................................................................................... 71 

2.4. Offspring production rate .................................................................................. 72 

2.5. Energy conversion of biomass production and metabolic rates........................ 74 

2.6. Estimating metabolic costs of biomass production and maintenance 

metabolism ............................................................................................................... 74 

2.7. Statistical analysis ............................................................................................. 76 

3. Results ...................................................................................................................... 78 

3.1. Growth .............................................................................................................. 78 

3.2. Reproduction ..................................................................................................... 81 

3.3. Expectations under constant vs. variable mass-specific maintenance costs ..... 84 

4. Discussion ................................................................................................................ 86 

4.1. Metabolic scaling and growth trajectory shift during ontogeny in A. 

franciscana ............................................................................................................... 86 

4.2. The overhead costs of growth change between ontogenetic phases ................. 88 

4.3. Differences in metabolic scaling between sexes ............................................... 89 

4.4. The costs of offspring production vary with reproductive mode ...................... 90 

4.5. Exploring alternative explanations of metabolic scaling under constant vs. 

variable mass-specific maintenance costs ................................................................ 91 

Chapter 5: General discussion .......................................................................................... 94 

1. The intraspecific variation in metabolic scaling within ectothermic vertebrates 96 

2. The interspecific variation in metabolic scaling and growth rates among teleost 

fish............................................................................................................................ 98 

3. Metabolic scaling and biomass production during ontogeny and between sexes in 

a model crustacean ................................................................................................... 99 

4. Conclusions ........................................................................................................ 101 

References ......................................................................................................................... 103 

Supplementary data ......................................................................................................... 132 

Appendix ........................................................................................................................... 133 



vii 

 

A2. Appendix for Chapter 2....................................................................................... 133 

A2.1. Data comparability between datasets of water- and air-breathers ............... 133 

A2.2. Checking the potential influence of acclimation period on metabolic scaling

................................................................................................................................ 135 

A2.3. Controlling for the effect of body mass on metabolic level in the models .. 137 

A2.4. Description of Bayesian models .................................................................. 139 

A2.5. Phylogenetic trees used in the models ......................................................... 143 

A2.6. Temperature correction of metabolic level in Figures 2.3-2.4 ..................... 145 

A3. Appendix for Chapter 3....................................................................................... 146 

A3.1. Derivation of the von Bertalanffy growth model (VBG) ............................. 147 

A3.2. Checking temperatures recorded in growth and metabolic data .................. 149 

A3.3. Estimation of ontogenetic body mass covered by metabolic scaling 

relationships ........................................................................................................... 150 

A3.4. Results of Ordinary Least Squares (OLS) models and model selection to 

explain the interspecific variation in metabolic scaling slopes .............................. 151 

A3.5. Phylogenetic tree of the sampled species and results of the Phylogenetic 

Generalised Least Squares (PGLS) models ........................................................... 153 

A4. Appendix for Chapter 4....................................................................................... 156 

A4.1. Monitoring individual rates of development and growth in cultures ........... 157 

A4.2. Conversion of body length into body mass .................................................. 160 

A4.3. Assumption of negligible body growth in reproductive individuals ............ 162 

A4.4. Non-linear squares (NLS) models describing the variation in specific growth 

rates with body mass .............................................................................................. 163 

A4.5. Sexual differences in metabolic scaling and growth trajectory in single 

individuals .............................................................................................................. 164 

A4.6. Differences in the metabolic costs between production of cysts and larvae 165 

References .................................................................................................................. 166 

 

 

  



viii 

 

LIST OF FIGURES 

Figure 1.1. Energy flows in an organism. ................................................................................. 4 

Figure 1.2. The two hypothesised mechanisms for the relationship between metabolic rate and 

body mass, showing the range of interspecific and intraspecific variation in the slope of this 

relationship observed over the history of metabolic scaling research. ...................................... 6 

Figure 1.3. Schematic of the expected relationship between metabolic rates and body mass 

according to the ‘Metabolic-Level Boundaries Hypothesis’. .................................................... 8 

Figure 1.4. Schematic of the expected relationship between resting or routine metabolic scaling 

and growth rate according to the ‘Growth Scaling Hypothesis’. ............................................. 11 

Figure 1.5. Schematic of the ontogenetic variation in metabolic rates with body mass. ........ 13 

Figure 2.1. Graphical model of the expected relationship between the metabolic scaling slope 

and the metabolic level according to the ‘Metabolic-Level Boundaries Hypothesis’. ............ 21 

Figure 2.2. The relationship between the metabolic scaling slope and metabolic level within 

species of ectothermic vertebrates, under increasing temperatures or activity levels. ............ 28 

Figure 2.3. The mean metabolic scaling slope and metabolic level ± standard deviation 

(adjusted to 20 ℃ for comparison) in water- and air-breathing species at minimal and maximal 

activity...................................................................................................................................... 30 

Figure 2.4. Comparison of the intraspecific metabolic scaling with body mass in ectothermic 

vertebrates, indicating the explanations proposed for the changes in metabolic scaling with 

temperature or activity level. ................................................................................................... 34 

Figure 3.1. The relationship between ontogenetic metabolic scaling slopes and maximum 

growth rates across the species of teleost fish compiled in this study. .................................... 51 

Figure 3.2. The variation in metabolic cost of growth and maintenance metabolism with 

temperature, after body mass correction at 1g; and lifestyle, after correction at a temperature of 

15℃ and body mass of 1g. ...................................................................................................... 54 

Figure 3.3. The phylogeny of teleost fish used in this study, showing the variation in 

ontogenetic metabolic scaling slope and net growth efficiency. ............................................. 55 

Figure 4.1. Schematic of the variation in metabolic scaling with body mass during ontogeny 

and between sexes. ................................................................................................................... 69 

Figure 4.2. Schematic of the experimental design. ................................................................. 73 

Figure 4.3. The relationship of metabolic and growth rates with body mass over the ontogeny 

of A. franciscana at 26 ℃, showing the relationship between mass-specific rates of metabolism 

and growth. .............................................................................................................................. 80 

https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530903
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530904
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530904
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530904
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530905
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530905
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530907
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530907
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530909
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530911
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530911
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530913
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530913
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530915
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530915
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530915
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530917
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530917
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530917
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530919
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530919
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530921
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530921
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530921
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530923
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530923
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530925
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530925
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530927
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530929
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530929
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530929


ix 

 

Figure 4.4. The relationship of metabolic and offspring production rates with body mass in 

reproductive individuals of A. franciscana at 26 ℃, showing the relationship between mass-

specific rates of metabolism and offspring production in females. ......................................... 83 

Figure 4.5. The two assumptions addressed in this chapter to explain the variation in metabolic 

rates with body size of A. franciscana, and the variation in either overhead costs of growth or 

maitnenance metabolism following these assumptions. .......................................................... 85 

 

  

https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530931
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530931
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530931
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530933
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530933
https://d.docs.live.net/c0e8d9cfc70cb507/Escritorio/GUILLE/Thesis_Guille_050223.docx#_Toc126530933


x 

 

LIST OF TABLES 

Table 2.1. Results of the Bayesian models examining the variation in metabolic scaling slopes 

with metabolic level as temperature or activity level increase within ectothermic 

vertebrates…………………………………………………………………………………… 29 

Table 3.1. Results of the ordinary least squares models describing the variation in overhead 

costs of growth or maintenance metabolism as explained by body mass, temperature, and 

lifestyle across species of teleost fish……………………………………………………….. 53 

Table 4.1. Results of the ordinary least squares model for the relationship between the mass-

specific rates of metabolism and growth in A. franciscana, incorporating the ontogenetic phase 

and the interaction between the latter variables…………………………………………….. 81 

Table 4.2. Results of the ordinary least squares models for the variation in metabolic rates of 

single and reproductive individuals as explained by body mass, sex, and the interaction between 

the latter variables…………………………………………………………………………… 82 

Table 4.3. Results of the ordinary least squares model for the relationship between the mass-

specific rates of metabolism and offspring production in reproductive females, incorporating 

the proportion of larvae produced as additional explanatory variable……………………… 82 

 

 



1 

 

 
 
 

Chapter 1: General introduction 

 
 
 
 
 
 
 
 

                A curious Ringneck blenny (Ophioblennius atlanticus) 
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General introduction 

 

From the smallest mites crawling through sand interstices to the largest whales gliding 

in the ocean, evolution has favoured a vast span of body size and lifespan among animals 

(Andersen et al., 2016; Brown et al., 2018). The size and tempo of living beings are linked by 

a plethora of organismal features ranging from physiological to ecological traits (Kozłowski et 

al., 2020; Glazier, 2022a). Body size and the pace of biological processes (tempo) have drawn 

much attention from scientists for over a century (Bergmann, 1847; Rubner, 1883), and tend to 

be closely related (Hatton et al., 2019; Brown et al., 2022; Glazier, 2022a). Biological rates are 

related to body mass through fitness-related activities, such as biomass production, i.e., growth 

and reproduction (von Bertalanffy, 1957; Gillooly et al., 2002; Hirst & Forster, 2013; Kiørboe 

& Hirst, 2014), and metabolic expenditure (Kleiber, 1932; Hemmingsen, 1960; Peters, 1983; 

Brown et al., 2004; DeLong et al., 2010). Understanding the mechanisms underlying the 

relationship between biological processes and body mass is crucial because it involves energy 

flows across all levels of biological organisation, from cells to communities (Kozłowski et al., 

2003; Barneche et al., 2014). Among these processes, metabolism is a fundamental property of 

organisms as it fuels all life functions (Brown et al., 2018). Metabolic rates therefore reflect 

the pace of life, i.e., the speed at which a variety of complex biochemical processes turn 

resources from the environment into energy to support organismal activities (Glazier, 2015; 

Brown et al., 2022). 

 

1. Metabolic rate and the pace of life 

Organisms obtain resources from the environment and often store them in reserves (Fig. 

1.1). These reserves can be mobilised to supply monomers for building new biomass (the 

‘anabolic’ pathway) as well as to be transformed into usable energy through metabolism (the 

‘catabolic’ pathway) (Clarke, 2017, 2019). Metabolic energy is principally contained in 

energy-rich molecules of ATP (i.e., adenosine triphosphate), which fuel virtually all 

physiological processes of organisms. Because the regeneration of ATP from ADP (adenosine 

diphosphate) requires oxygen in aerobic life during phosphorylation in the mitochondria, 

metabolic rate of animals can be estimated through rates of oxygen consumption (Clarke, 

2017). 

 

https://link.springer.com/article/10.1007/s00360-021-01376-8#ref-CR21
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In principle, metabolic energy firstly powers life-sustaining processes, often termed 

‘maintenance’ (Wieser, 1994; Kooijman, 1986; Glazier, 2005; Rombough, 2011). Maintenance 

is a major metabolic component that involves repairing and replacing tissues, which is crucial 

to maintain their function and hence sustain life (Wieser, 1994; Glazier, 2005). In adult 

humans, for instance, cell biomass is almost entirely replaced over a period of a year (Sender 

& Milo, 2021). Moreover, since oxygen is necessary but also potentially dangerous due to the 

production of reactive intermediates during cellular respiration (Davies, 1995), animals need 

to invest energy to mitigate oxidative stress on cellular components. Hence, maintenance is 

generally considered primarily as protein turnover (Wieser, 1994; Rombough, 2011), because 

this activity requires most of the ATP in non-growing organisms (e.g., Siems et al., 1992; Rolfe 

& Brown, 1997; see review in Rombough, 2011). Besides protein turnover, ion regulation 

dictates much of the maintenance demands (Wieser, 1994; Verberk et al., 2021). These costs 

are largely due to ion pumps (i.e., Na+- K+- and Ca+2- ATPases) that maintain ion gradients 

across membranes, i.e., the rate at which passive loss of ions matches that of active transport 

(Brand, 1990). Biomass production, on the other hand, requires monomers (e.g., amino acids, 

sugars, fatty acids) to build macromolecules (e.g., proteins, polysaccharides, lipids) that will 

form new tissue, but also metabolic energy to assemble macromolecules from monomers. 

Furthermore, the assemblage of those macromolecules involves indirect costs such as the 

transport of monomers and ATP to production sites (Clarke, 2017, 2019). 

 

While resting metabolic rate powers maintenance and biomass production, organisms 

also require energy to power muscular work involved in activities such as locomotion, escape 

responses from predators, foraging, or mating, which comprise the active metabolic rate (Fig. 

1.1). Activity is seen as the most flexible component of the energy budget (Wieser, 1994), as 

these energetic demands are often adjusted following increased costs of maintenance or 

production (Gittleman & Thompson, 1988; Given, 1988; Pauly, 2010). All three energy-

demanding components, i.e., maintenance, growth, and activity, are hence intrinsically linked 

to body mass through metabolic rates. 
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Figure 1.1. Energy flows in an organism (following Clarke, 2017). Energy is assimilated from 

food and stored in reserves, and then mobilised between metabolism (catabolic pathway) and 

biomass production (anabolic pathway) via growth or reproduction. Metabolism, typically 

approximated by respiration rate R, captures energy as ATP through the reduction of oxygen 

in the mitochondria. At rest, metabolic energy is allocated between biosynthesis and self-

maintenance functions as regulation of electrochemical gradients or tissue turnover (resting 

metabolism). Production of new tissue requires monomers as well as metabolic energy, which 

is dissipated as heat. The rates of metabolism and biomass production are hence intrinsically 

linked through the costs of biosynthesis. Moreover, organisms need to invest a fraction of 

metabolic energy in other activities involving muscular work, such as foraging or mating 

(active metabolism). 

 

2. The relationship between metabolic rate and body mass: a long-standing puzzle 

The metabolic rate, often approximated by respiration (R) in animals, increases 

typically with body mass (m), whose relationship can be expressed by the power function: 

𝑅 =  𝑎𝑚𝑏 , [1] 

where a is the scaling coefficient and b is the scaling exponent, or the allometric slope in a 

linear regression between log R vs log m. In this equation, the allometric slope (b) describes 

the change in metabolic rate as body mass increases (Kleiber, 1932; Bertalanffy, 1957). 

Remarkably, metabolic rate tends to increase to a lesser extent than body mass does among 

                                                 

             

                     

      
                  

                 

    

   

   
  

          

                                  

        

        

Figure 1. Energy flows in an organism. 
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animals, meaning that large organisms generally require lower rate of energy use per unit mass 

than small organisms (Kleiber, 1932; White, 2010). Initial evidence of metabolic scaling in 

endothermic animals showed an intraspecific (i.e. within-species) exponent of b = 2/3 (Sarrus 

& Rameaux, 1839; Rubner, 1883). Such metabolic scaling was then explained by surface-area 

(SA) principles, arguing that maintaining body temperature in endotherms requires metabolic 

rate to offset heat loss, which is proportional to body SA, and so both scale as m2/3 (Rubner, 

1883). The proposed SA-related mechanism associated with thermoregulation, however, 

excluded most life forms, such as most ectotherms whose body temperatures depend on 

external heat. Further observations showed an interspecific scaling of b ≈ 3/4 across a wide 

diversity of species, initially mammals (Kleiber, 1932; Brody & Proctor, 1932), but later 

extending to unicellular organisms, plants, and other animals (Brown et al., 2004). Such an 

apparently consistent, general allometric slope was coined the ‘3/4-power scaling law’ 

(Hemmingsen, 1960; West et al., 1999; Savage et al., 2004). 

 

The assertion of a ‘universal’ ¾-power metabolic scaling was initially supported by the 

vascular oxygen transport system in organisms (Kleiber, 1932), which was further developed 

theoretically to arise from limits imposed by fractal resource-transport networks (RTN; West 

et al., 1997, 1999). This hypothesis of West, Brown and Enquist, termed WBE, predicts that 

internal distribution networks (e.g., blood circulatory system) limit resource supply to cells as 

body mass, and so network branching, enlarges (Fig. 1.2). The mechanism proposed by the 

WBE set the basis for the Metabolic Theory of Ecology (MTE; Brown et al., 2004), which 

explains the variation in metabolic rate across levels of organisation through a fixed scaling 

with body mass (b = ¾) and a constant temperature effect (Gillooly et al., 2001; Brown et al., 

2004). While the MTE has been widely used (e.g., Kearney & White, 2012; Price et al., 2012), 

this model has also attracted much criticism due to its restrictive assumptions (e.g., see Banavar 

et al., 2002; Ricklefs, 2003; van der Meer, 2006). Indeed, fractal geometry of transport 

networks in which the MTE is based, has little application in organisms without well-developed 

circulatory systems (Glazier, 2022a), as is the case for many aquatic invertebrates (Kooijman, 

2000; van der Meer, 2006; Glazier, 2005, 2014). Moreover, this so-called ‘canonical’ ¾-power 

scaling has been challenged by growing evidence in the literature that shows systematic 

variation in scaling slopes (b) among taxa, lifestyles, environmental conditions, physiological 

states, activity levels, or ontogenetic stages (e.g., DeLong et al., 2010; Killen et al., 2010; 

Glazier 2014, 2020; Hirst et al., 2014; Carey & Sigwart, 2014; Glazier & Paul, 2017) (Fig. 1.2). 

Indeed, while some species show a nearly constant or increased metabolic rate per gram as they 
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grow (b ≥ 1), others exhibit a marked reduction over ontogeny (b << 1) (e.g., Bokma, 2004; 

Killen et al., 2010; Hirst et al., 2014). Among aquatic invertebrates, for instance, more active 

pelagic species tend to exhibit steeper slopes b, often close to 1, than their sluggish counterparts 

(Glazier, 2006). 

 

 

Figure 1.2. The two hypothesised relationships between metabolic rate and body mass, and the 

mechanisms originally proposed to explain these relationships, i.e., metabolic scaling is 

constrained by surface-area (SA) or by resource-transport networks (RTN). Inset plot shows 

the ranges of interspecific and intraspecific variation in the scaling slopes (b) observed over 

the history of metabolic scaling research (b range from Glazier, 2022a). 

 

Explaining the degree of variation in respiration rate with body size has become a 

central topic for ecologists, yet the mechanism(s) underlying the slope of this relationship 

remain enigmatic (Glazier, 2005, 2014, 2022a; Hatton et al., 2019). As a result, a variety of 

hypotheses and models have been developed based on four main mechanisms, i.e., (i) resource 

supply through exchange surfaces or (ii) through circulatory systems, (iii) changes in body 

composition, and (iv) resource demands of various metabolic processes (Glazier, 2014). The 

emphasis of these models has gradually shifted from (a) biophysical constraints on resource 

supply due to SA- or RTN-related limits, to (b) evolutionarily adaptive, context-dependent 

effects of various resource demanding processes that power fitness-related activities of 

organisms (Glazier, 2022a). 

 

      

        

      

        

            

             

Figure 21.2 The two hypothesised mechanisms for the relationship between metabolic rate and body mass, showing the range of interspecific and intraspecific variation in the slope of this relatioship observed over the history 

of metabolic scaling research. 
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2.1. Context-dependent influences on resource supply 

Instead of a single mechanism and a fixed metabolic scaling slope, the ‘Metabolic-

Level Boundaries Hypothesis’ (MLBH; Glazier, 2005, 2010, 2014) offers a multi-mechanistic 

explanation to the variation in metabolic scaling slope (b). The MLBH proposes that factors 

related to body volume (V) and surface area (SA) set boundaries on b, with its value between 

these boundaries being influenced by various physiological, developmental and ecological 

factors. The relative influences of SA-related limits of resource supply and V-related resource 

demands on b is modulated by the metabolic level (L), i.e., the mass-specific elevation of the 

metabolic scaling relationship. According to the MLBH, the scaling of metabolic rate with 

body mass should increasingly approach limits set by the area of exchange surfaces (for 

resource supply or excretory losses), or by limits set by internal resource distribution systems, 

as resting metabolic rate increases (i.e. high L). Specifically, in isomorphic growing organisms, 

whose body shape is maintained throughout ontogeny, b should approach 2/3 (Rubner, 1883) 

due to a constraint of SA processes by external exchange surfaces, or 3/4 if limits by resource-

transport networks are predominant (West et al., 1997; Brown et al., 2004). How gill SA varies 

with body mass, for example, has been hypothesised to be a crucial geometric constraint for 

many water-breathing animals associated with growth rate, adult body size, and lifestyle 

(Pauly, 2010; Gillooly et al., 2016; Bigman et al., 2018). In contrast, in organisms with low 

energy demands, resource supply is likely not influenced by SA-related processes; instead, 

energy use is only dictated by total tissue maintenance, which is proportional to body V (or 

mass) and so b should approach 1. This hypothesis has received support from a wide variety of 

taxa, as diverse as unicellular organisms (Glazier, 2009a, 2010), terrestrial and aquatic 

ectotherms (Glazier, 2009b; Killen et al., 2010; Glazier, 2020), and endotherms (Glazier, 2008, 

2018a). 

 

According to the MLBH, ecological factors that influence L, such as environmental 

temperature can therefore result in variation of b (Fig. 1.3A). As temperature increases, resting 

metabolic demands and so L increase, MLBH predicts that fluxes through exchange surfaces 

(m2/3 in isomorphic growers) become more influential on resource supply and ultimately dictate 

the mass-scaling of metabolic rates. Intrinsic factors such as organismal activity, on the other 

hand, may also affect L and so the slope b (Glazier, 2005, 2008, 2010). Indeed, the MLBH 

predicts that increasing levels of activity and so energy demands of muscle work can increase 

the slope b from its value at rest (Fig. 1.3B). Hence, from resting to maximum L, metabolic 
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rates are expected to be gradually dictated by the demands of muscle mass, which is 

proportional to body V or mass (Weibel & Hoppeler, 2005; Glazier, 2009c). 

 

More recently, Rubalcaba et al. (2020) developed a model based on MTE principles, in 

which oxygen supply explicitly constrains metabolic rates in fish following an increase in 

temperature and activity level. Their results indicated that temperature might reduce the aerobic 

scope of larger fish, as warming waters can disproportionally curtail their activity and 

physiological performance. Hence, this model predicts that metabolic scaling in fish decreases 

from the typical b = 0.75 proposed by the MTE as temperature and activity both increase, yet 

the resulting slope depends on how the capacity of individuals to supply oxygen is affected by 

size, which may vary among species according to their mass-scaling of ventilation rates or gill 

SA. 

 

 

Figure 1.3. Schematic of the expected relationship between metabolic rates and body mass 

according to the ‘Metabolic-Level Boundaries Hypothesis’ (MLBH; Glazier, 2010). The 

metabolic scaling slope (b) varies with metabolic level (L, mass-specific metabolic rate at the 

geometric mass midpoint of the scaling regression) following the limits set by volume-related 

(V ~ m1) and surface-area related (SA ~ m2/3) processes, here indicated by dotted lines. (A) In 

cold temperatures (deep blue), the energetic demands of resting organisms are low and 

sufficiently met by SA-related processes, and hence body maintenance dictates metabolic rates 

(b ≈ 1). As metabolic rates and so L increase with warming (blue to red), resource supply 

become more influenced by SA-related processes, which leads b to approach 2/3. (B) With 

raising activity levels (green to purple), metabolism becomes gradually dictated by the energy 

demands of muscular mass (proportional to body V), which leads b to approach 1 when L is 

Figure 41.3 

Figure 31.3. Schematic of the expected relationship between metabolic rates and body mass 

according to the ‘Metabolic-Level Boundaries Hypothesis’. 
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near its maximum during strenuous exercise. Note that the MLBH predicts a linear relationship 

between b and log-transformed L (inset plots). 

 

2.2. Resource demand of various metabolic processes 

Since all living forms are products of evolution, life-history theory predicts that 

organisms have evolved under selective pressures to maximise fitness by typically increasing 

energy gains relative to energy demands (Burger et al., 2021). Instead of biophysical 

constraints on resource supply mentioned above, this approach attempts to explain the variation 

in metabolic scaling through changes in energy allocation between biomass production and 

other metabolic activities (Glazier, 2005; Moses et al., 2008; Kooijman, 2010; White et al., 

2022). Pütter (1920) and Bertalanffy (1938, 1957) first postulated that sigmoidal growth 

trajectories occur when the overall catabolic rate (i.e., non-growth metabolic processes) 

increases more rapidly with body size than the rate of assimilation (i.e. resource acquisition; 

Atkinson et al., 2022), which may describe different metabolic scaling patterns over ontogeny 

(reviewed in Glazier, 2005). The von Bertalanffy growth model (VBG) described the growth 

𝑑𝑚/𝑑𝑡 of an organism with mass 𝑚 in the form: 

𝑑𝑚

𝑑𝑡
 =  𝛼𝑚ℎ −  𝛽𝑚 [2] 

where 𝛼𝑚ℎ typically describes the resources available for organismal growth whereas 𝛽𝑚, 

comprises all non-growth metabolic processes. Note that the non-growth processes, often 

referred as ‘maintenance metabolism’, are assumed to increase isometrically with body mass. 

The VBG has proved useful to describe growth among a wide range of organisms, especially 

in fish (Froese & Pauly, 2010). In effect, when corrected by body mass, the increase in body 

mass over time exhibits generally similar sigmoidal trajectories among different taxa (Karkach, 

2006; Hou et al., 2008). Exceptions to this generality are often seen in aquatic invertebrates 

with diverse growth trajectories, including exponential, yet these variety of growth types can 

be incorporated in growth models by changing the anabolic exponents (h) (Lee et al., 2020). 

 

However, like the VBG (von Bertalanffy, 1957), most early models aiming to describe 

growth and metabolism in ectotherms (e.g., Paloheimo & Dickie, 1965; Ursin, 1967; Bayne et 

al., 1976), assumed erroneously that anabolism (biosynthesis) and catabolism (metabolism) 

were two independent processes using the same energy source (Makarieva et al., 2004). In 

contrast, Parry’s model (Parry, 1983) noted that in ectotherms biosynthesis required an 
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important fraction of metabolism (17 – 29% of metabolic rate), and explicitly incorporated the 

overhead costs of growth, i.e., the heat production due to biosynthesis. Building upon MTE 

assumptions, this concept was further developed by the ontogenetic growth model (OGM; West 

et al., 1997, 2001; Gillooly et al., 2002), which divided total metabolic rate into body 

maintenance, growth, and activity (Moses et al., 2008; Hou et al., 2008), and linked growth 

rates to metabolic rates through the metabolic costs of growth. Although mathematically 

similar, the OGM differs from the VBG in their assumptions: (1) the metabolic costs of mass 

production are explicitly incorporated; (2) body maintenance is assumed to comprise catabolic 

as well as anabolic processes, such as protein turnover; and (3) the scaling term 𝛼𝑚ℎ refers to 

the assimilation of metabolic energy with body mass, which is assumed to be h = 0.75, 

following the ¾-power metabolic scaling in the MTE (Barneche & Allen, 2018). Hence, 

although the OGM incorporates the costs of growth, it is still unable to capture the variation in 

metabolic scaling slopes. 

 

While the metabolic costs of growth were largely overlooked during the early history 

of metabolic scaling, the Dynamic Energy Budget theory (DEB; Kooijman, 1986, 2000, 2010) 

incorporated growth costs to explain metabolic scaling, and proposed that different metabolic 

activities of organisms are subjected to various SA- and V-related influences. Specifically, 

DEB theory divides body mass into ‘reserves’ (e.g., lipid deposits) and ‘structure’ (e.g., 

muscular tissue). Structural mass dictates the costs of body maintenance, which is assumed to 

be proportional to body volume (V), or mass. The mobilisation of reserves, on the other hand, 

is assumed to scale with surface-area (SA) due to the influence of reserve exchange surfaces 

(van der Meer, 2006; Kooijman, 2010; Maino et al., 2014). Hence, according to DEB, the mass-

scaling of metabolic rates during ontogeny results from the various SA-related and V-related 

processes, whereas the scaling slope b can vary between 1 and 2/3 depending on the relative 

contribution of these processes to overall metabolism. However, changes in body composition 

can also affect metabolic scaling. Since reserves are metabolically inert and hence require no 

maintenance (Kooijman, 2010), DEB predicts hypo-allometric scaling slopes (b < 1) when 

organisms grow with disproportionately increasing reserves, leading to a decrease in mass-

specific demands as body mass increases. This is evidenced during embryo development, when 

eggs containing almost entirely reserves require low metabolic demands, whereas metabolic 

rates in growing embryos increase steeply with body mass (often b > 1) until hatching (Maino 

et al., 2017). 
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More recently, building on predictions of whole-body energy demands proposed by 

Glazier (2005), the ‘growth-scaling hypothesis’ (GSH; Tan et al., 2019) posited that the 

contribution of the overhead costs required to fuel growth to resting metabolic rates may help 

explain differences in metabolic scaling during ontogeny seen across species. According to the 

GSH, the cost of growth and its ontogenetic trajectory may thus influence metabolic scaling. 

Indeed, since overhead costs of growth contribute substantially to metabolic rate even at resting 

or routine states (Parry, 1983; Rosenfeld et al., 2015), a decrease in mass-specific growth 

demands over ontogeny would lead to shallower metabolic scaling (i.e., low b). These 

predictions seem to be borne out by comparisons between whole-body metabolic demands of 

cephalopod and fish species, on which Tan et al.’s (2019) study was based. Specifically, in 

animals whose mass-specific growth rates decline during ontogeny such as teleost fish, the 

GSH predicts that slopes b decrease as growth demands increase from slow- to rapid-growing 

organisms (Fig. 1.4). Conversely, when growth is exponential or more sustained over ontogeny 

as occurs in rapid-growing cephalopods, slopes b are expected to increase with increasing 

growth rates (Tan et al., 2019). 

 

 

Figure 1.4. Schematic of the expected relationship between resting or routine metabolic scaling 

and growth rate according to the ‘Growth Scaling Hypothesis’ (GSH; Tan et al., 2019). In 

animals whose mass-specific growth rates decline over ontogeny, higher growth rate and so its 

contribution to metabolism will lead to shallower increases in metabolic rate with body mass. 

Hence, from slow- to fast-growing organisms, metabolic scaling slopes (b) will decrease as 

growth rates increase. 

 

Figure 61.4 

Figure 51.4. Schematic of the expected relationship between resting or routine metabolic scaling and growth rate according to the ‘Growth Scaling Hypothesis’. 
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3. Variation in metabolic scaling within species 

Besides the differences in mass-scaling of metabolic rate during ontogeny seen among 

major animal groups (e.g., Bokma, 2004; Hatton et al., 2019), and species (e.g., Glazier, 2009b; 

Killen et al., 2010; Tan et al., 2019), metabolic scaling may also change during ontogeny and 

differ between sexes (e.g., Post & Lee, 1996; Strauss & Reinhold, 2010; Sears et al., 2012; 

Moffett et al., 2022), whereas the mechanism(s) explaining this variation are still unclear 

(Wieser, 1984, Glazier, 2005, 2020; Glazier et al., 2015; Somjee et al., 2022). During the 

ontogeny of many kinds of animals, from copepods to humans, metabolic scaling often shifts 

from steep slopes b during early or postembryonic stages, to shallow slopes b in older, adult 

stages (Wieser, 1984; Glazier, 2005, 2014; Glazier et al., 2015). Various, complementary 

hypotheses have been proposed to explain such ontogenetic shifts in mass-scaling of metabolic 

rates (Fig. 1.5), which involve changes in resource supply and demands as well as in body 

composition. Indeed, these metabolic scaling shifts are most typically associated with changes 

in growth trajectories (Glazier, 2005), as growth and so its overhead costs require a substantial 

fraction of total metabolic energy (Parry, 1983; Wieser, 1994; Clarke, 2017). While high, often 

exponential growth rates in early ontogenetic stages are thought to entail steep increases in 

metabolic rate with body mass (e.g., Kamler, 1992; Post & Lee, 1996; Sears et al., 2012), lower, 

declining mass-specific growth rates as organisms enlarge in older stages should require much 

shallower increases of metabolic rate with size (Riisgård, 1998; Glazier, 2005, 2022b). 

 

Alternatively, the cellular mode of growth has been proposed as a mechanism 

underpinning changes in resource-supply capacity of organisms as they grow, and hence 

changes in metabolic scaling (Kozłowski et al., 2003; Glazier, 2022b). This hypothesis is 

grounded in the relative contribution of cell multiplication and cell expansion to organismal 

growth. Effectively, during early life stages (i.e., embryos or larval phases) of most organisms, 

growth is dominated by cell multiplication, usually accompanied by cell size reduction (e.g., 

Wesley et al., 2020), which maintains high total cell surface-area (SA) relative to body volume 

(V), as well as small intracellular transport distances as the body size increases. Consequently, 

this sustained (or increased) resource-supply capacity can support steep increases in metabolic 

rate with body mass (b ≥ 1; e.g., Alami-Durante et al., 1997; Arendt, 2000; Gaitán-Espitia et 

al., 2013). Conversely, growth is generally dominated by cell expansion during later life stages 

(i.e., old juveniles and adults; Goss, 1966; e.g., Higgins & Thorpe, 1990), which decreases total 

cell SA/V and increases intracellular transport distances. This reduction in resource-supply 
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capacity of large, old individuals leads to shallower metabolic scaling with mass (b < 1). 

Concomitantly, the accumulation of higher proportions of reserves (e.g., lipid deposits), and 

other metabolically inert materials (e.g., cuticle) in larger individuals is also thought to reduce 

energetic requirements relative to body mass, and hence contribute to lowering the slope b in 

late life stages (Kooijman, 2010; Glazier, 2022b). 

 

 

Figure 1.5. Schematic of the ontogenetic variation in metabolic rates with body mass. Steep 

metabolic scaling typically occurs during postembryonic ontogeny (b ≥ 1; red line), and it is 

associated with exponential growth in postnatal and young juveniles. Shallower metabolic 

scaling, by contrast, occurs generally later in ontogeny (b < 1; purple line), as mass-specific 

growth rates decline with body size in juveniles and adults. The cellular mode of growth and 

associated changes in body composition may also underpin these ontogenetic shifts (Kozłowski 

et al., 2003; Glazier, 2022b). Early growth occurs primarily by cell multiplication, maintaining 

or often reducing cell size, which keeps total cell surface-area (SA) relative to body volume 

(V), as well as similar intracellular transport and composition. This allows high mass-specific 

resource-supply rates as body size enlarges (higher 𝑅/𝑀), and hence high b. Conversely, 

growth later in ontogeny involves greater cell differentiation and expansion, which leads to 

lower SA/V and larger intra-cellular transports. Moreover, cells accumulate greater proportions 

of metabolically inter materials (e.g., cuticle or lipid reserves; here indicated by thicker border 

and yellow circles). Consequently, mass-specific supply rates as well as energetic demands 

decrease with body size in older, larger individuals (lower 𝑅/𝑀). 

 

While studies of intraspecific metabolic scaling typically focus on ontogenetic scaling 

(i.e., variation in metabolic rates during organismal growth), sexual differences among adult 
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Figure 81.5 Figure 71.5. Schematic of the ontogenetic variation in metabolic rates with body mass. 
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individuals have received much less attention (Somjee et al., 2022). Indeed, while females and 

males often show stark differences in traits such as body mass, morphology, or behaviour (see 

Cornwallis & Uller, 2010, for a review), differences in metabolic demands with size are less 

explored. Despite females bearing the costs of offspring production, sexes can experience 

different selective pressures and converge on similar energetic demands through various 

mechanisms (Parker et al., 2018), which may scale differently with body mass (Somjee et al., 

2022). Hence, reproductive investment may reflect differences in energy allocation between 

sexes (Stearns, 1989; Somjee et al., 2022; Moffett et al., 2022). Metabolic demands in females 

are elevated by producing energy-costly gametes, maintaining ovarian tissues, and developing 

offspring that involves egg production, gestation, and sometimes carrying offspring during 

pregnancy (Hayward & Gillooly, 2011; Angilletta & Sears, 2000; Finkler et al., 2014; Ducret 

et al., 2020). Males, on the other hand, often bear higher metabolic demands of maintaining 

sexually selected traits used to compete with rivals or attract females (Somjee et al., 2018; 

Somjee, 2021), higher levels of activity during mating (e.g., chasing or acoustic calling), and 

consequently higher proportions of muscle mass to support those activities. Such differences 

in biomass production, body composition, and activity levels can ultimately shape different 

patterns in metabolic scaling between females and males according to current theory (Glazier, 

2005, 2009c; Kooijman, 2010). 

 

4. Integrating approaches to explain metabolic scaling across and within taxa 

As literature grows, it becomes more evident that a single, ‘universal’ mechanism 

cannot explain the wide and systematic variation in metabolic scaling observed both across 

(e.g., DeLong et al., 2010) and within taxa (e.g., Bokma, 2004). Consequently, recent models 

have offered new mechanisms to explain systematic deviations from the proposed SA- and 

RTN-constraints (e.g., Banavar et al., 2010; Hirst et al., 2014; Glazier et al., 2015). Given this 

ongoing change in perspective, Glazier (2014, 2018a, 2022a) claims for a comprehensive 

theory following a multi-mechanistic, context-dependent approach, where various mechanisms 

can simultaneously influence the relationship between metabolic rates and body mass, 

responding to both intrinsic and extrinsic factors. While developing such a holistic model falls 

outside the scope of my thesis, here I do combine multiple theoretical approaches to formulate 

new hypotheses involving various, synergetic mechanisms to explain metabolic scaling. 
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5. Thesis outline 

In this thesis, I explore the variation in the mass-scaling of metabolic rates at different 

levels of biological organisation in a diverse array of ectothermic animals. Firstly, I investigate 

how metabolic ontogenetic scaling changes in ectothermic vertebrates with increasing 

environmental temperatures and levels of locomotory activity, emphasising the differences 

between air- (reptiles and amphibians) and water-breathing (teleost fish and elasmobranchs) 

animals. Then, I focus on teleost fishes, exploring the relationship between ontogenetic 

metabolic scaling and maximum growth rates across species, as well as analysing the effects 

of various ecological traits on the energetic demands of growth and self-maintenance. Finally, 

I use a model crustacean to investigate the link between metabolism and biomass production, 

and how this relationship aligns with ontogenetic shifts and sexual differences in metabolic 

scaling in this species. 

 

Chapter 2 analyses the intraspecific variation in metabolic scaling among air- and water-

breathing ectothermic vertebrates. Using a meta-analytic approach, I quantify the change in 

metabolic scaling slopes as metabolic rates increase with temperature (523 scaling regressions 

from 111 species) and activity level (281 regressions from 47 species). I found that scaling 

slopes decline with warming only in water-breathers (fish), whereas slopes steepen with 

increasing activity only in air-breathers (herptiles). I here combine various, complementary 

hypotheses to improve the predictions of metabolic scaling in ectothermic animals, proposing 

adaptive mechanisms to protect aerobic scope in water-breathers. 

 

Chapter 3 investigates the interspecific variation in metabolic scaling in relation to maximum 

growth rates across 118 species of teleost fish, and uses a theoretical model to quantify the 

energetic costs of growth and maintenance in 114 of these species. I demonstrate that metabolic 

scaling slopes covary negatively with maximum growth rates across species. Moreover, I show 

that the relative contribution of growth demands to resting metabolism remain similar with 

temperature in these species, whereas maintenance demands in pelagic fishes are relatively 

higher than in less active lifestyles. I further show that growth efficiency is largely independent 

of species ecology and phylogenetic relationships. Finally, I highlight the importance of 

accounting for metabolic scaling variation to understand energy allocation strategies between 

species. 
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Chapter 4 investigates experimentally ontogenetic shifts and sexual differences in metabolic 

scaling, as well as the associated costs of biomass production in a model crustacean, Artemia 

franciscana. I demonstrate that the rates of metabolism and growth change simultaneously 

during ontogeny, and show that metabolic scaling becomes similar between males and females 

in reproductive animals. I further show that such variation in metabolic scaling slopes can be 

explained by differences in the cost of biomass production between ontogenetic phases (larvae 

versus post-larval individuals) and reproductive modes (ovi- vs. ovoviviparous). Here, I discuss 

the potential role of the cellular mode of growth seen in this species to explain differences in 

production costs and metabolic scaling. 

 

Chapter 5 discusses the main findings of this thesis and explores new hypotheses and research 

avenues that emerged from this investigation. Overall, my findings contrast with a general 

metabolic scaling across or within species, showing that the relationship between metabolic 

rate and body mass can be influenced by extrinsic (temperature) as well as intrinsic factors 

(biomass production, activity). To explain such variation in metabolic scaling, this thesis uses 

different, complementary perspectives based on evolutionary adaptations, plastic responses, 

and various energy demanding activities of organismal metabolism. 
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Chapter 2: Combining theoretical approaches to understanding the 

intraspecific variation in metabolic scaling: responses to temperature and 

activity differ between water- and air-breathing ectothermic vertebrates 

 
 
 
 
 
 

    A Diamond lizardfish (Synodus synodus) resting on the seafloor 
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Combining theoretical approaches to understanding the intraspecific variation in 

metabolic scaling: responses to temperature and activity differ between water- and air-

breathing ectothermic vertebrates 

 

Abstract 

Metabolism underpins all life-sustaining processes, and quantifying and explaining the 

variation in metabolic rate with organismal body size is crucial in ecology. The relationship 

between metabolic rates (R) and body mass (m), usually termed metabolic scaling, can be 

affected by environmental temperature and locomotory activity. Warming and increasing 

activity not only elevate metabolic level (L) of organisms, but often lead to changes in the body 

mass-scaling exponent (or slope b, in log R vs. log m). Such variation in slopes b has been 

explained through the change in L, depending on whether this change is mainly dictated by 

volume (V)- or surface-area (SA)-related processes. Another hypothesis proposes that water-

breathers have evolved to restrict metabolic costs in large individuals experiencing warming, 

thus avoiding oxygen shortage. Here, I test these predictions using intraspecific metabolic 

scaling responses to temperature (523 regressions) and activity (281 regressions) in a range of 

ectothermic vertebrates, including teleost fish, elasmobranchs, reptiles, and amphibians. 

Through a meta-analysis, I quantitatively compare the change in b when L is increased by either 

temperature or locomotor activity within these species. I show that b decreases with 

temperature-increased L only in water-breathers, supporting a SA-related avoidance of oxygen 

shortage, whereas b increases with activity-increased L only in air-breathers, following 

influences from V-related muscular demands. Overall, this new quantitative theoretical 

approach extends explanatory power to incorporate different influences (warming, locomotion) 

and respiration modes (aquatic or aerial) to predict changes in energy use with body size. 

 

Keywords: Ecophysiology; Oxygen Limitation; Animal Locomotion; Bioenergetics; Body 

mass; Metabolic Theory; Metabolic-Level Boundaries Hypothesis; Allometry 

1. Introduction 

Metabolism is a fundamental property of life, comprising all biochemical processes that 

transform energy and materials from the environment into life-sustaining functions and body 

structures (Humphries & McCann, 2014). Metabolic rate (indirectly estimated by respiration 

rate R in aerobic organisms) is strongly linked to body size (m), through a relationship 
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commonly expressed as a power function, 𝑅 =  𝑎𝑚𝑏 (Kleiber, 1932; Bertalanffy, 1957), 

where a is the scaling coefficient, and b is the scaling exponent, or allometric slope of a linear 

regression between log R and log M. The slope b describes the change in log respiration rate 

as log body mass increases. Understanding and quantifying the influence of body size on 

respiration rate has become a central topic in ecology, where the emphasis is placed on 

combinations of both physical principles and organismal adaptations (Brown et al., 2004; 

Kooijman, 2010; Glazier, 2005, 2022a; White et al., 2022). The classic description of b as 

having a value of 0.75 across all life forms (Hemmingsen, 1960; West et al., 1999; Savage et 

al., 2004) is challenged by systematic variation in its value across taxa, lifestyles, ontogeny, as 

well as with environmental conditions and physiological states (White et al., 2007; DeLong et 

al., 2010; Hirst et al., 2014; Tan et al., 2019; Glazier, 2010, 2014, 2020, 2022a). 

 

The ‘Metabolic-Level Boundaries Hypothesis’ (MLBH; Glazier, 2005, 2010, 2014) 

offers a mechanistic explanation for the variation in metabolic scaling. This hypothesis 

proposes that variation in the allometric slope b is influenced by factors related to body volume 

(V), such as tissue maintenance and locomotive power, and factors related to surface area (SA), 

such as resource uptake or waste elimination. The relative contribution of volume or surface 

area-related factors alter as the metabolic level changes. Metabolic level (L) increases with 

overall energy use, and is often quantified as the mass-specific metabolic rate at the geometric 

mid-point of the mass range covered by the metabolic scaling relationship (Glazier, 2010). 

According to the MLBH, for organisms that conserve body shape as they grow, b should 

approach 2/3 (Rubner, 1883) if SA-related processes through external exchange surfaces 

predominate, but should approach 1 if V-related processes predominate (proportional to body 

mass or volume). According to the MLBH, the amount of locomotor activity and increased 

environmental temperature, which both increase L, can change the slope b (Glazier, 2010) by 

changing the relative contributions of SA versus V-related processes. 

 

The MLBH predicts that increased active movement and associated energy demands of 

locomotor musculature, whose mass is typically proportional to whole body mass (Glazier, 

2005, 2008, 2010), will increase the metabolic scaling slope relative to that at rest. During 

bursts of strenuous activity (maximal L), metabolic rate should be mainly driven by resource 

demand (𝑚1; Fig. 2.1), rather than by surface-dependent resource supply or waste removal (see 

Weibel & Hoppeler, 2005). This extreme response is only possible because of short-term 
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storage of oxygen and energy in muscles and their temporary tolerance to accumulation of 

wastes, such as lactic acid (Glazier, 2009c). 

 

Temperature appears to affect metabolic scaling in more complex ways. Contrary to 

influential models that assume that temperature affects only metabolic level and not b (e.g., 

Gillooly et al., 2001), the MLBH predicts changes in b. As temperature increases, resting 

metabolic demands increase; consequently, the mass-scaling of metabolic rate may decrease if 

it is increasingly dictated by fluxes through external exchange surfaces (𝑚2/3 in isomorphic 

growers), as limits on resource supply become more influential (Fig. 2.1). Glazier (2020) 

observed such a predicted negative relationship between temperature and b in 10 of 13 species 

of sedentary ectothermic animals and one plant. However, warming not only increases 

maintenance demands in ectotherms, but accelerates other energy-demanding processes such 

as growth, even in resting individuals (Parry, 1983; Rosenfeld et al., 2015). Importantly, 

although whole-body growth has been described as a V-related process (Glazier, 2010, 2014, 

2020), its contribution to metabolic scaling will depend on whether mass-specific growth rate 

remains constant as the organism gets bigger. Exponential growers continue to add new growth 

in direct proportion to body mass (i.e., ∝ 𝑚1), which some species achieve by changing shape, 

thereby maintaining a high ratio of SA for resource uptake relative to body mass, as in various 

pelagic invertebrates (Hirst et al., 2014). But more generally, mass-specific growth rates 

decline during ontogeny, as is generally observed in vertebrates and several benthic 

invertebrates (von Bertalanffy, 1951, 1957; Lee et al., 2020). Therefore, increasing growth rate, 

and its attendant costs, in most animals is expected to contribute to lowering b below 1. Another 

effect of temperature on metabolic scaling depends on how it affects locomotor activity. 

Glazier (2020) found that in contrast to 71% of 14 sedentary species that showed a negative 

relationship between b and temperature, significantly fewer (18% of 165) mobile species 

showed a negative relationship, which supports the idea that warming-enhanced locomotion, 

which includes contribution of muscular output (and is considered approximately proportional 

to body mass) mostly countered SA-influenced reduction in b. Clearly, therefore, the mass-

scaling of metabolic rate predicted by the MLBH depends on the relative influence of different 

processes that scale differently with body mass (e.g., SA- versus V-related processes). A major 

challenge for predictive ecology is to identify situations when particular influences on 

metabolic scaling predominate. 
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Figure 2.1. Graphical model of the expected relationship between the metabolic scaling slope 

(b) and the metabolic level (L, the mass-specific metabolic rate at the geometric mass midpoint 

of the scaling regression), according to the ‘Metabolic-Level Boundaries Hypothesis’ (Glazier, 

2010). Over the range of metabolic states, b varies with L following a convex relation viewed 

from below within the limits set by volume-related (V ~ m1) and surface-area related (SA ~ 

m2/3) resource demand, denoted here by dashed horizontal lines. In cold temperatures (deep 

blue), the energy demand of resting organisms is low and sufficiently met by SA-related 

processes (minimal L), so body maintenance dictates metabolic rate (b ≈ 1). As temperature 

rises (from blue to red), resting metabolic rates relatively increase and so L, becoming more 

influenced by fluxes through exchange surfaces, which causes b to approach 2/3. Activity, 

conversely, leads b to increase and ultimately approach 1 during strenuous exercise (maximal 

L), since metabolism is driven temporarily by demands of muscular mass, proportional to body 

mass (m1) when growth is isomorphic. Note that L increases here exponentially (or linearly if 

log-transformed) with temperature and activity. The shape of the relationship between b and 

log L will depend on the predominant influence of each contributing process under specific 

temperatures and activity levels. 

 

I propose that combining a second theoretical approach with the MLBH may help to 

identify when particular processes with particular mass-dependences (e.g., SA-related versus 

V-related) predominate. Specifically, the effects of temperature and activity on metabolic 

scaling may differ between aquatic and terrestrial organisms due to different physical 

properties of the environments they inhabit. Water is 800-fold denser, 60-fold more viscous 

Figure 102.1 Figure 92.1. Graphical model of the expected relationship between the metabolic scaling slope and the metabolic level according to the ‘Metabolic-Level Boundaries Hypothesis’. 
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and contains 43-fold less oxygen than air, making breathing in water more energy-costly than 

breathing in air (Dejours, 1981; Makarieva et al., 2008; Gillooly et al., 2016). Moreover, the 

ability of water-breathers to increase their oxygen bioavailability tends to be less sensitive to 

warming (Einum et al., 2021; Deutsch et al., 2022) than does oxygen demand (metabolic rate), 

which typically doubles with 10 ℃ of warming in both water- and air-breathers (Seebacher et 

al., 2015). For water-breathers, warmer temperatures and larger sizes are expected to combine 

to place a greater challenge on supplying sufficient oxygen, as the ratio of surface area for 

respiratory exchange relative to body mass is reduced (Atkinson & Sibly, 1997; Rubalcaba et 

al., 2020). Aquatic ectotherms whose ancestors have experienced oxygen limitation at large 

sizes in the warm (the ‘Ghost of Oxygen Limitation Past’; Verberk et al., 2021; Atkinson et al., 

2022) are predicted to have evolved adaptations that enable them to avoid oxygen shortage as 

size and temperature both increase. Such avoidance strategies could include reduction in 

growth and metabolic rate as size and temperature both increase, and hence reduce b. 

 

Here, I combine these two theoretical approaches to quantitatively investigate impacts 

of temperature and activity on intraspecific metabolic scaling in ectothermic vertebrates. 

Ectothermic vertebrates are ideal to test the MLBH predictions quantitatively because they 

comprise various lineages in which changes in metabolic scaling have been observed, thereby 

alleviating some of the confounding effects of phylogeny. Furthermore, since all species belong 

to a monophyletic clade (Subphylum Vertebrata), the comparison is more restricted to a set of 

common biological traits that if a more phylogenetically diverse range of species were 

examined (e.g., Ehnes et al., 2011): (i) near-isomorphic and indeterminate (continuous post-

maturational) growth in most species, with body masses spanning over 10 orders of magnitude; 

(ii) closed circulatory systems and specialised respiratory organs, such as lungs or gills, 

facilitating the comparison between water- and air-breathing species (Shelton et al., 1986); and 

(iii) physiological performance and body temperature intrinsically linked to ambient 

temperature (Angilletta et al., 2002), making it easier to control for temperature when 

examining the effect of activity alone. Ectothermic vertebrates inhabit a wide range of 

environments and temperatures, from deep-sea to desert habitats, and from below 0°C to above 

40°C. By studying vertebrates rather than the phylogenetically diverse invertebrates with 

varied respiratory and circulatory systems, I avoid complications arising from profound and 

variable body-shape changes over ontogeny that affect surface area for respiratory exchange, 
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hence metabolic scaling, observed in diverse aquatic zooplankton and cephalopods (Hirst et 

al., 2014). 

 

A key feature of this investigation is to quantify how the relative importance of two 

influences on energy use – temperature and locomotor activity – on the metabolic scaling slope 

b, depend on whether animals are air-breathers or water-breathers. I first hypothesise that b 

decreases more steeply with warming in water-breathers, which are influenced by (SA-related) 

avoidance of oxygen shortage. Secondly, I expect that b increases more steeply with activity 

level in air-breathers due to increasing metabolic contributions from (V-related) musculature, 

whereas the muscular contribution in water-breathers may be countered by pressures to reduce 

oxygen consumption. Through a meta-analysis that compares water- and air-breathing 

vertebrates, I test whether, and the degree to which, b changes as metabolic level (L) increases 

within species: (1) with warming of inactive individuals and (2) with increasing activity. I, 

therefore, comprehensively quantify for the first time the intraspecific change in b with L. As 

predicted, my findings show that b decreases with temperature-increased L only within water-

breathers, whereas b increases consistently with activity-increased L only within air-breathers. 

My conceptual advance contrasts relative influences of SA- and V-related processes between 

different modes of respiration (water-, air-breathers), and under different influences on 

metabolic level (temperature, activity). My findings highlight the value of integrating more 

than one theoretical approach to increase the predictive potential of ecological theory. 

 

2. Materials and Methods 

2.1 Data collection 

To test the relationship between the slope (b) and metabolic level (L) with increasing 

temperature, I searched the literature for studies that measured metabolic scaling during 

ontogeny in at least two temperature treatments of the same species, complementing the 

intraspecific datasets of Glazier (2005, 2020). Searches were carried out with Google Scholar, 

Web of Science and OATD (Open Access Theses and Dissertations), using the names of the 

target taxa (i.e., ‘fish’, ‘amphibian’ or ‘reptile’) followed by terms such as ‘<name of taxon> + 

metabolism’, ‘+ metabolic + rate’, ‘+ respiration + rate’, ‘+ oxygen + consumption’, all 

including ‘temperature’. Finally, I checked the reference lists and citations of all relevant 

papers (i.e., those including the search terms in the title) for related studies. Here, I only 

included estimated parameters from scaling regressions in non-active and unstressed animals 
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(i.e., showing no or minimal locomotion), to minimise the effects of muscular activity on 

metabolic scaling (Glazier, 2020). Sets of regressions from studies were grouped by 

experimental conditions (e.g., metabolic states, such as resting or routine metabolism, if 

different states were measured) in the same species.  

 

Second, to test the relationship between b and L with increasing locomotor activity, I 

searched the literature for studies that measured ontogenetic metabolic scaling in at least two 

activity levels in the same species at the same temperature, complementing the dataset of 

Glazier (2009c). The literature search was identical to that above but replacing ‘temperature’ 

with ‘activity’. Again, I grouped regressions according to experimental conditions, into single 

studies, and the same species. Active metabolic rates here were usually measured during 

continuously sustained activity, including freely moving animals (e.g., Wood et al., 1978; Du 

Preez et al., 1988), measurements of active (e.g., Brett & Glass, 1973) and maximum metabolic 

rate through experimentally forced exercise at peak locomotory performance (e.g., Rao, 1968; 

Garland, 1984), as well as activity sustained to near or complete exhaustion (e.g., Brett, 1965; 

Walton, 1988), or immediately after (e.g., Killen et al., 2007). 

 

Species were grouped into their principal respiration modes (water- vs. air-breathers). 

For air-breathing fish, I preferred regressions based on bimodal respiration (i.e., aquatic + 

aerial) when available, as this is their normal behaviour in nature (Graham & Wegner, 2010). 

I excluded regressions measured in fish larvae only, given that this life stage exhibits different 

metabolic influences from those on non-larval stages (Glazier, 2005), related to exponential 

growth and high surface-area of respiratory organs (Post & Lee, 1996). All regressions of 

amphibian species were based on aerial respiration. I disregarded non-statistically significant 

regressions (p ≥ 0.05, which excluded only 6). When equation parameters or body mass ranges 

were missing in a study, data were extracted from figures using WebPlotDigitizer v4.4 

(Rohatgi, 2020), performing regressions, if needed, through ordinary least squares models of 

log-log data. Metabolic levels were calculated as the mass-specific metabolic rate at the 

geometric mass-midpoint of the mass range of each regression, and converted to mg O2 g wet 

mass-1 h-1. No weighting method was applied here because many studies lacked uncertainty 

information of estimated slopes b. 
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2.2 Data analyses 

I assessed data comparability by checking for systematic differences between datasets 

(Appendix 2.1 – 2.2). Specifically, I checked whether scaling regressions covered similar body 

mass ranges in water- and air-breathing species, and whether experiments measured 

comparable increases in metabolic level by either temperature or activity, as differences in 

these factors might influence the change in slope b (Glazier, 2020). I also checked that 

acclimation duration showed no obvious influence on b. Moreover, to minimise the variation 

in metabolic level due to variation in mass between regressions within experiments, I excluded 

regressions whose mass-midpoints were too dissimilar (i.e., differing by > 0.5 orders of 

magnitude) to the rest of the set (Appendix 2.3). 

 

I determined whether temperature and activity underpin the intraspecific variation in 

slopes b of ectothermic vertebrates through their effects on metabolic level (L), and whether 

these effects differ between air- and water-breathers, using Bayesian phylogenetic multilevel 

models. I used linear models with b as the response variable and log10 L as an explanatory 

variable because: (i) the MLBH predicts a linear relationship between b and log-transformed L 

(Glazier, 2010) when only one of temperature or activity is varied (Fig. 2.1); (ii) the change in 

b is expected to be mediated through the change in L, but not the opposite; and (iii) these models 

allow the estimation of variance in b within species and experiments (Bürkner, 2018). 

Moreover, using log10 L as an explanatory variable enable me to examine the increase in 

metabolism with warming or activity in a continuous manner, and hence quantify and compare 

the effects of these influences on b. 

 

To determine the effect of temperature-increased L on b, and whether this effect differs 

between water and air-breathers, I fitted a regression model with a global intercept (β0), and 

the fixed effects of log10 L (βL), animal group according to respiration mode (air- or water-

breather, βg) and the interaction between log10 L and group (βLg), as described in the Appendix 

(2.4). I used a Student’s t distribution to describe errors in b, since this distribution is robust 

against outliers (Gelman & Hill 2006). I included two random effects: species relatedness with 

a variance-covariance matrix estimated from a phylogenetic tree (with species-specific 

intercepts ψk) and an experiment effect (with experiment-specific intercepts ϕ0j and slopes 

ϕLj). I included the phylogenetic relationship among species as a random effect because 

evolutionary history may influence differences in physiological traits (Verberk et al., 2022). I 
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searched species names in the Open Tree of Life (OTL, https://tree.opentreeoflife.org) and built 

phylogenetic trees through package ‘rotl’ (Michonneau et al., 2016). Polytomies (> 2 species 

sharing a direct ancestor) were resolved using the function multi2di in package ‘ape’ (Paradis 

& Schliep, 2019), which transforms polytomies into a series of random dichotomies with one 

of several branches of length close to 0 (Appendix 2.5). Variance-covariance matrices on these 

trees were calculated following Grafen’s method (Grafen, 1989) using the ‘ape’ package. By 

allowing experiment-specific slopes, I accounted for variation in the strength of the relationship 

between b and log10 L (Harrison et al., 2017), which is expected under varying experimental 

conditions (Glazier, 2020). To analyse the effect of activity-increased L on b, I fitted a similar 

model but also including the effect of experimental temperature (in ℃, βT), since temperature 

and activity exert opposite effects on b according to MLBH predictions (Fig. 2.1). 

 

I used a mix of weakly informative and informative priors. I applied an empirical 

estimate of the effect of log10 L between species (Killen et al., 2010) and MLBH predictions of 

the intercept (Glazier, 2010), as means of the normal prior distributions for βL, and β0, 

respectively. I fitted models using the package ‘brms’ (Bürkner, 2017, 2018) in R v. 4.2.0 (R 

Core Team, 2022), with the NUTS algorithm and four chains of 3000 warm-up and 16000 

sampling iterations (Hoffman & Gelman, 2014). Convergence was checked through potential 

scale reduction factors (R̂, Gelman et al., 2003). Residuals and trace plots were inspected using 

packages ‘ggmcmc’ (Fernandez-i-Marin, 2016), ‘bayesplot’ (Gabry et al., 2019), and 

‘tidybayes’ (Kay, 2022). I checked that I could recover known parameters by simulating 10 

data sets under the temperature-effect model, with posterior mean parameter values and the 

same structure as the real data, and fitting the model to these simulated data sets (Appendix 

2.4). 

 

2.3 Extending the MLBH: quantifying effects of increased L on b 

The MLBH does not quantitatively predict influences of activity on the metabolic scaling 

slope b except at the boundaries. To quantitatively extend the MLBH, I calculated active 

metabolism by adding a term 𝑎’𝑚 to the inactive metabolic rate, as 𝑅 +  𝑎’𝑚. By increasing 

𝑎’ values, this formula recreates how muscular work elevates metabolic rate, assuming that this 

component of metabolism is proportional to body mass. I then estimated activity-increased L 

and b through linear regressions of log (𝑅 +  𝑎’𝑚) vs. log 𝑚, using a standard body mass range 
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for ectothermic vertebrates (0.1 g to 1 kg). Observed changes in b with activity-increased L 

were then compared with those predicted from this quantification of the MLBH. 

 

3. Results 

I collected 523 metabolic scaling regressions for 68 water-breathing species (65 teleost 

fish and 3 elasmobranchs) at temperatures between -1.8 °C and 37 °C, and 43 air-breathing 

species (4 amphibians and 39 reptiles) at temperatures between 4 °C and 45 °C (Table S2.1). 

These experiments covered, on average, similar increases of metabolic level (L) in inactive 

water- and air-breathers (0.12 vs. 0.19 mg O2 g
-1 h-1, respectively). Moreover, I compiled 281 

scaling regressions at different activity levels, from inactive to maximal metabolic rates, for 37 

aquatic species (35 teleost fish and 2 elasmobranchs), and 10 terrestrial species (4 amphibians 

and 6 reptiles) (Table S2.2). The latter experiments comprised, on average, smaller increases 

in L due to locomotor activity in water- than in air-breathing species (0.24 vs. 0.90 mg O2 g
-1 

h-1, respectively). This is partially because only a third of experiments measured minimal and 

maximal L in water-breathers, whereas all but one experiments included both measures in air-

breathers. Additionally, the difference in activity-increased L may be due to water-breathing 

species exhibiting lower mean aerobic scopes (i.e., the difference between max. and min. L) 

than air-breathing species (0.34 vs. 1.35 mg O2 g
-1 h-1). Last, mass-midpoints of regressions 

varied over 4 orders of magnitude across species in the datasets, whereas mass ranges covered 

by the regressions were similar between water- and air-breathers, spanning on average over 

one order of magnitude. 

 

Our models showed that the slopes b values were not different between water- and air-

breathing species, as 95% equal-tailed credible intervals (CI) of the effect of groups overlapped 

0 (Table 2.1), under both warming (βg = −0.03, CI: (−0.20, 0.16)) and increasing activity (βg 

= −0.11, CI: (−0.44, 0.23)). However, the effect of increasing log10 L by warming and by 

increasing activity on b did vary between water- and air-breathers (Table 2.1). Under warming 

conditions (Fig. 2.2A, B), water-breathers showed strong evidence of a negative relationship 

between b and log10 L (β𝐿+ β𝐿g = −0.09, CI: (−0.13, −0.05)), yet this coefficient was strongly 

centred on zero in air-breathers (β𝐿 = −0.002, CI: (−0.04, 0.04)), which showed a species’ mean 

b = 0.74 (±0.14 standard deviation). Conversely, under increasing activity (Fig. 2.2C, D), b 

showed a positive relationship with log10 L in air-breathers (β𝐿  = 0.19; CI: (0.09, 0.30)), but 
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no consistent increase in b was found in water-breathers (β𝐿 + β𝐿g = 0.04; CI: (−0.02, 0.10)). 

Furthermore, the mean estimate of global intercept (i.e., predicted b at L of 1 mg O2 g
-1 h-1) fell 

between 2/3 and ¾ in the model for temperature-increased L (β0 = 0.73; CI: (0.58, 0.87)), 

whereas this estimate was close to 1 in the model for activity-increased L (β0= 0.98; CI: (0.68, 

1.27)). 

 

Figure 2.2. The relationship between the metabolic scaling slope b and log10 metabolic level L 

within species of ectothermic vertebrates. Left panels show measurements in inactive animals 

of water- (A) and air-breathing (B) species, where lines join measurements made at different 

temperatures of single experiments in the same species. Right panels show values for animals 

under different activity levels of water- (C) and air-breathing (D) species, where lines join 

measurements made at a single temperature and species (temperature of treatments is indicated 

by colour). Inset plots show posterior kernel density estimates of the effect of log10 L on b (βL) 

for each group (water- or air-breathers), with means (dots) and 95% credible intervals 

(horizontal bars and shaded areas) from Bayesian models (see Table 2.1). Experimental 

temperature (T) is shown by a colour scale, and dashed horizontal lines indicate the typical 

metabolic scaling boundaries under the MLBH.  

 
 
  
   

  
 
  
 
  

 
    

  
 
  
 
  

Figure 122.2 
Figure 112.2. The relationship between the metabolic scaling slope and log10 metabolic level within species of ectothermic vertebrates, under increasing temperatures or activity levels. 
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Table 12.1 

Table 2.1. Posterior mean estimates, 95% credible (equal-tailed) intervals and effective sample 

size of posterior distributions for the fitted parameters of the model examining the variation in 

slopes b with log10 metabolic level (L, in mg O2 h
-1 g-1) as temperature or activity level increase. 

These models incorporated the respiration mode (water or air) and the interaction effect with 

log10 L, to test whether b changes differently with L between water- and air-breathers under 

warming conditions or increasing locomotion. Experimental temperature (℃) was included as 

an additional covariate in the model analysing the effect of activity, as temperature and activity-

increased L are expected to show opposite effects on b (Fig. 2.1) 

Table 22.1. Results of the Bayesian models examining the variation in metabolic scaling slopes with log10 metabolic level as temperature or activity level increase within ectothermic vertebrates. 

Dataset Parameter 

Posterior 

mean 

estimate 

Credible interval Effective 

sample 

size 
2.5% 97.5% 

Increasing temperature 

(n = 523) 

Random effects     
Experiment  

(n = 149)     
Intercept, ϕ0j 0.122 0.091 0.157 2,590 

Slope, ϕ𝐿j 0.096 0.061 0.135 1,073 

Phylogeny, ψk 

(n = 111 spp.) 0.065 0.003 0.153 1,293 

Fixed effects     

Intercept, β0 0.725 0.581 0.873 8,649 

log10 L, β𝐿 -0.002 -0.043 0.038 6,182 

Group, βg -0.027 -0.198 0.160 8,600 

log10 L × Group, β𝐿g -0.090 -0.145 -0.035 5,883 

Increasing activity 

(n = 281) 

Random effects     

Experiment 

(n = 56)     

Intercept, ϕ0j 0.103 0.044 0.157 1,804 

Slope, ϕ𝐿j 0.141 0.092 0.194 3,438 

Phylogeny,  ψk 

(n = 47 spp.) 0.136 0.041 0.247 1,367 

Fixed effects     

Intercept, β0 0.978 0.679 1.273 10,953 

log10 L, β𝐿 0.194 0.085 0.302 6,758 

Group, βg -0.111 -0.438 0.225 8,481 

log10 L × Group, β𝐿g -0.152 -0.274 -0.029 11,530 

 Temperature, βT -0.002 -0.004 0.001 6,639 



30 

 

The quantitative prediction of changes in b associated with activity-increased L, 

utilising an assumption that muscular demands were proportional to body mass (see Methods: 

(c) Extending the MLBH), predicts well the changes seen in air-breathing herptiles, but not for 

fish (Fig. 2.3A vs. 3B): the mean b and its standard deviation for fish at maximal activity fall 

below the predicted value for a given increase in L. 

 

Figure 2.3. The mean slope b and metabolic level (L) ± standard deviation in water- (A) and 

(B) air-breathing species at minimal (in green) and maximal activity (purple). L values are 

adjusted to 20 ℃ for comparison (see Appendix 2.6). Dash-dotted lines show the expected 

relationship between b and L, if muscular work scales as m1, and gradually increases by an 

order of magnitude from minimal activity (see discussion). Species’ data are shown to illustrate 

variation between species, with a line joining each pair of measurements, i.e., at minimal and 

maximal activity. Mean values were used when more than one pair of measurements was 

available for a species. Dashed horizontal lines indicate the typical boundaries proposed by the 

MLBH. 

 

4. Discussion 

By combining two theoretical approaches – from the MLBH and the Ghost of Oxygen 

Limitation Past – I was able to extend predictions of metabolic scaling beyond those of either 

hypothesis individually. Increased locomotor activity is predicted by MLBH to increase 

metabolic scaling slope b towards a value of 1, whereas the Ghost of Oxygen Limitation Past 

predicted that warming – beyond any increase in b due to locomotor activity (Glazier, 2020) – 

Figure 132.3 

Figure 142.3. The mean metabolic scaling slope and metabolic level ± standard deviation (adjusted to 20 ℃ for comparison) in water- and air-breathing species at minimal and maximal activity. 
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contributes to a reduction in b in water-breathers only, as expected from an evolved avoidance 

of oxygen limitation at large sizes. 

 

My analysis, using a diverse set of ectothermic vertebrates, temperatures, and activity 

levels, supported these predictions (Fig. 2.2; Table 2.1). I showed that intraspecific metabolic 

scaling slopes (b) decreased as the log10 metabolic level L increased with temperature only 

within water-breathing vertebrates (teleosts and elasmobranchs). Conversely, b values 

increased consistently as log10 L increased with locomotor activity only within air-breathers 

(amphibians and reptiles). Specifically, b decreased by ca. 0.1 as L increased from 0.01 to 0.1 

mg O2 g-1 h-1 with warming in water-breathers), whereas b increased by ca. 0.2 when 

locomotion increases L to the same extent within air-breathers. 

 

4.1 The effect of temperature 

To explain why metabolic scaling slopes decrease consistently with warming in fish but 

not in air-breathing herptiles (Fig. 2.4A vs. B), I focus on the greater risks in water-breathers 

of oxygen becoming limiting at increased temperatures as individuals grow: I am unaware of 

other parsimonious mechanisms that would explain different responses among these vertebrate 

groups. I suggest that metabolic rates of water-breathers at increased temperatures are 

influenced to a greater extent than for air-breathers by surface area for oxygen uptake, because 

the energetic costs of increasing water flow over respiratory surfaces to meet increased demand 

is higher (and oxygen-demanding) (Verberk et al., 2021; Atkinson et al., 2022). Indeed, given 

the much higher density and viscosity of water than air, and the ca. 43-fold higher oxygen 

concentration in air than in water, air-breathers can increase metabolic rates ca. 280-fold above 

that of water-breathers for the same ventilation cost (Makarieva et al., 2008). Oxygen is thus 

hypothesized to become limiting in fish when respiratory SA, hence oxygen-supply capacity, 

is unable to satisfy the increased demand with increasing temperature and body size (von 

Bertalanffy, 1964; Pauly, 2021), providing there are no physiological or behavioural 

adjustments that avoid oxygen shortage (Atkinson et al., 2006; Verberk et al., 2021; Atkinson 

et al., 2022). However, if increased temperature is associated with increased risks of oxygen 

shortage at large body sizes in a predictable manner, such adjustments are expected to evolve 

as adaptive plastic responses to warming such that water-breathers avoid insufficient oxygen 

(‘gasping for breath’; Pauly, 2010), especially under conditions of low exertion and non-

extreme warming (Verberk et al., 2021; Atkinson et al., 2022). Apart from measures to improve 
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oxygen supply capacity at increased temperatures as water-breathers grow (e.g., Nilsson et al., 

2012; Funk et al., 2021; Woods et al., 2022), oxygen demands may be reduced. Metabolic costs 

are not just from tissue maintenance, but also include overhead costs of growth, which 

contribute strongly to metabolic rate (Parry, 1983), even in resting individuals (Rosenfeld et 

al., 2015). From cold to optimal temperatures, growth rate and its metabolic costs increase 

mostly in young and small individual fish, but barely change in large and old ones (Imsland & 

Jonassen, 2001; Barneche et al., 2019), which would lead to lower slopes b with warming. Air-

breathing species, by contrast, do not seem to show such abrupt deceleration of growth rates 

over ontogeny with increasing temperature (e.g., Rhen & Lang, 1995; Roosenburg & Kelley, 

1996; Steyermark & Spotila, 2001). Moreover, body size reductions associated with increasing 

rearing temperature are also stronger in aquatic ectothermic species in comparison to air-

breathing species (Forster et al., 2012). The increasingly steep reduction in both mass-specific 

growth and mass-specific metabolic rates over fish ontogeny with warming may thus have 

evolved as a plastic response to maintain a safety margin for oxygen uptake (i.e., aerobic scope; 

Atkinson et al., 2006; Verberk et al., 2021), thus avoiding oxygen shortage under specific 

conditions (Jutfelt et al., 2021). 

 

Fast-growing fish in warm waters are therefore expected to show lower b values than 

slow-growing fish in cold waters, as the latter exhibit slower but generally more sustained 

growth throughout ontogeny (reviewed in Imsland & Jonassen 2001; e.g., Björnsson & 

Steinarsson, 2002; Árnason et al., 2009; Lefébure et al., 2011). Indeed, a recent study 

demonstrated that optimum temperature for growth generally decreases with fish size 

(Lindmark et al., 2022). Thermal effects on the mass-scaling of growth can hence explain why 

b decreases at rest (Tan et al., 2019; Glazier, 2020), sometimes below 2/3 (Fig. 2.2A). 

Complementarily, high slopes b in cold, viscous waters may result from large fish experiencing 

less drag and smaller boundary layers than small individuals, hence improved oxygen-uptake 

capacity (Verberk & Atkinson, 2013). In resting, slow-growing individuals at cool water 

temperatures, b would thus approach 1 following predominant V-related influences from body 

maintenance. 

 

Conversely, the absence of a general relationship between b and temperature-increased 

L within air-breathing amphibians and reptiles (Fig. 2.4B), support the prediction from the 

metabolic theory of ecology that warming affects only metabolic level but not the predicted ¾-
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power scaling (Gillooly et al., 2001; Brown et al., 2004), albeit within a specific set of species 

and conditions. This lack of relationship between b and L with temperature in herptiles could 

be attributed to a balance between influences from SA-related processes (e.g., water loss 

avoidance or heat conservation) and V-related maintenance (discussed in Glazier, 2020). 

Complementarily, the absence of warming-induced growth deceleration at large sizes in 

herptiles, unlike in fish, may explain the absence of an imbalance of processes that increase b 

(maintenance) versus those that decrease it (growth costs). 

 

4.2 The effect of activity 

Following the MLBH prediction that increased muscular activity during locomotion 

increases the relative influence of V-related over SA-related processes (Glazier, 2008, 2009c), 

I found that slopes b increased with L as activity increases in air-breathing amphibians and 

reptiles. However, no consistent effect of activity on b was observed within fish species (Fig. 

2.4C vs. D). Moreover, the predicted quantitative effect of activity on b, based on an assumed 

metabolic cost of locomotor activity proportional to body mass, was consistent with observed 

b values in these air-breathing herptiles, but not in fish (Fig. 2.3A vs. 2.3B). This difference 

between air-breathing herptiles and fish suggests an influence that prevents b from increasing 

during muscular power production in fish. Again, I propose that evolved avoidance of oxygen 

shortage in water-breathers may explain this finding. I posit that the oxygen costs of aerobically 

fuelled locomotion will not generally be proportional to body mass (or V) in water-breathers, 

but will be disproportionately less at larger sizes, following selection against large individuals 

that over-exert themselves to the extent that oxygen shortage reduces fitness. 

 

High activity and warm temperature would therefore be expected to combine to lower 

b in water-breathers, but increase it in air-breathers. Indeed, warming-induced reductions in 

mass-specific aerobic scope were predicted in a recent quantitative model and supported by 

empirical data on 286 teleost species (Rubalcaba et al., 2020), suggesting that larger, active 

individuals may be more susceptible to oxygen limitation in warmer water. In contrast, mass-

specific aerobic scopes exhibit no such decrease with warming in air-breathing herptiles (e.g., 

Wright, 1986; Gifford et al., 2013). 
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Figure 2.4. Comparison of the intraspecific metabolic scaling with body mass in ectothermic 

vertebrates. Left panels show scaling regressions performed at various temperatures in inactive 

individuals of water- (A) and air-breathers (B). Right panels show regressions for individuals 

under different activity levels of water- (C) and air-breathers (D), adjusted to the approximate 

mean temperature of each dataset (Appendix 2.6). Dashed lines denote the upper and lower 

metabolic scaling slopes (b) as metabolic level (L) increases with temperature (A, B) or activity 

(C, D). These slopes were predicted through model estimates, by using values of the minimal 

and maximal L values calculated at the geometric mass-midpoint of the range reported for 

water- and air-breathing species in each dataset. B and C show mean b and L values, as the 

estimated change in b overlapped 0, indicating no consistent variation with L. The explanation 

proposed here for these changes in b is shown on each panel. 

  

 
 
  
   

  
 
  
 
  

 
    

  
 
  
 
  

                                                

                                        

                                          

                                         

                                     

                                        

               

                                 

                         

                                 

               

                                        

                                    

                                      

                                

                  

Figure 162.4 
Figure 152.4. Comparison of the intraspecific metabolic scaling with body mass in ectothermic vertebrates, indicating the explanations proposed for the changes in metabolic scaling with temperature or activity level. 
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4.3 Intraspecific variation in metabolic scaling: Improving explanatory power 

Theory to explain and predict variation in ecological energetics in general, and 

metabolic scaling in particular, needs to account for context, which includes: metabolic state 

or activity level; body and ambient temperature; and selection pressures on resource supply, 

demand and allocation among metabolic activities (Glazier, 2014). For example, Glazier 

(2020) partly explained why thermal effects on metabolic scaling in ectotherms were not 

uniform, because of their dependence on activity level, consistent with expectations from the 

MLBH. I have further extended explanatory power by incorporating the idea of evolved 

avoidance of oxygen limitation in warm, large, and active water-breathers. I found that 

responses of intraspecific metabolic scaling to warming and activity did indeed differ as 

predicted between air-breathing herptiles and fish. I have also presented new quantitative 

predictions and tests of the effects of locomotor activity on metabolic scaling, assuming 

locomotor costs were proportional to body mass. 

 

Finally, I caution against considering the effects of metabolic level on the slope b as 

just a balance between SA- and V-related processes. Instead, I encourage expectations from 

evolved size-, temperature-, and activity-related avoidance of oxygen shortage. Even when 

muscular mass is proportional to body mass, the costs of locomotion may not be proportional 

to body mass if locomotor effort is dependent on size- or age-related pressures on resource 

allocation. Larger water-breathers, with greater selection pressures on maximum oxygen 

consumption because of lower exchange surface:mass ratio, may have evolved a lower 

maximum sustainable locomotor metabolism (i.e., lower than isometric investment in 

musculature and organs servicing locomotion), thereby providing enough aerobic scope for 

other activities whose variation is not necessarily included in measures of aerobic scope (e.g., 

digestion of large meals, fighting disease, or predator avoidance; Jutfelt et al., 2021). Likewise, 

the extent to which growth rates, hence overhead growth costs on resting metabolism, 

decelerate during ontogeny in response to warming would protect aerobic scope to enable other 

activities in large individuals at high temperatures (Atkinson et al., 2006). Such thermal 

plasticity may be also influenced by factors not SA-related, as mortality affecting timing of 

maturation, or allocation from growth to reproduction (Marshall & White, 2019a). Overall, this 

new theoretical approach to understanding intraspecific variation in metabolic scaling 

combines extrinsic (temperature) and intrinsic (activity) influences on organismal physiology, 

together with different respiration modes and their evolutionary pressures. 
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Chapter 3: Understanding the adaptive significance of metabolic scaling: 

interspecific variation in mass-scaling slopes may reflect different growth 

demands among teleost fish 

 
 
 
 
 
 
 

         Parrotfish (Sparisoma cretense) during daily routine on the reef 
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Understanding the adaptive significance of metabolic scaling: interspecific variation in 

mass-scaling slopes may reflect different growth demands among teleost fish. 

 

Abstract 

Metabolism fuels growth and self-maintenance functions in all living organisms. The extent to 

which metabolic rates change as organismal size increases (i.e., metabolic scaling) is important 

in ecology because this relationship describes, among other things, how energy use varies over 

ontogeny. Yet, the mechanism(s) underlying the differences in metabolic scaling between 

species remain under debate. Among teleost fishes, while some species show a near constant 

metabolic rate per gram as they grow, others show a marked reduction in mass-specific 

metabolic rates over ontogeny. Such reduction in metabolic scaling slopes has been explained 

by a predominant influence of surface-area over volume-related processes on resource supply 

of species occurring in warm temperatures and with active lifestyles. In this study, I investigate 

an alternative hypothesis based on changes in growth and its metabolic demands over 

ontogeny. Through a meta-analysis, I showed that metabolic scaling slopes decrease with 

maximum growth rates, supporting that growth contributes to the variation in mass-scaling of 

metabolic rates across species, as an alternative (or complementary) explanation to surface-

area related influences on resource supply. Moreover, using a theoretical model, I estimated 

the overhead costs of growth and maintenance metabolism in the species compiled here, and 

show that the thermal sensitivities of these metabolic demands are similar. Lifestyle is shown 

to affect only maintenance metabolism, which was higher for pelagic fishes than for less 

athletic species. Finally, I found that net growth efficiency shows relatively small variation and 

is largely independent of body size at maximum growth rate, ecological niche, and evolutionary 

history. Overall, these results suggest that whole-body demands from growth and body 

maintenance may explain interspecific differences in metabolic scaling, and highlight the 

importance of accounting for such differences to estimate energetic demands in fish. 

 

Keywords: Metabolic rate; Body mass; Allometric scaling; Biomass production; Growth 

performance; Ecophysiology; ‘Growth Scaling Hypothesis’ 
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1. Introduction 

All organisms use metabolic energy to transform materials from the environment into 

new tissue and to power self-maintenance functions (Wieser, 1994; Brown et al., 2018). 

Because the energy that organisms are able to obtain from the environment and use for 

metabolism is limited, the rate and cost of biomass production can influence the metabolic 

energy available for survival, and ultimately affect fitness (Lindeman, 1942; Brown et al., 

1993). The allocation of metabolic energy between growth and self-maintenance is thus 

important for adapting to various ecological pressures, yielding a restricted range of life-history 

outcomes over the evolution of a wide variety of species for which fitness is expected to be 

equal (Ricklefs & Wikelski, 2002). This equal fitness is necessary for the persistence of such 

diversity (Brown et al., 2018; Burger et al., 2021). Given the relevance of energetics and trait 

diversity in ecology (Brandl et al., 2023), it is important to understand and quantify how 

metabolic demands are related to specific ecological factors and life-history traits. 

 

Metabolic rate is linked to body size (m) by a relationship (often termed scaling) 

typically described as a power equation 𝑅 =  𝑎𝑚𝑏, where a is the scaling coefficient and b is 

the exponent, or slope in the linear regression between log R and log m. Understanding the 

extensive variation in metabolic scaling has been a long-standing challenge in ecology (Glazier, 

2022a), where the emphasis has gradually shifted from physical constraints of resource supply 

(e.g., Rubner, 1883; Kleiber, 1932; West et al., 1997; Brown et al., 2004) to evolutionary 

adaptations of resource demand (e.g., Agutter & Wheatley, 2004; Glazier, 2005; da Silva et al., 

2006; White et al., 2022). Among the most influential explanations, the ‘Metabolic-Level 

Boundaries Hypothesis’ (MLBH; Glazier, 2005, 2010, 2014) proposes a multi-mechanistic 

approach, whereby metabolic scaling is affected by the relative influence of surface-area (SA) 

and volume (V) related processes in organismal physiology. According to the MLBH, when 

growth is isomorphic (i.e., body shape invariant throughout ontogeny), the body mass-scaling 

of metabolic rates in organisms with high energy demands should be strongly influenced by 

resource supply and waste removal through exchange surfaces (which scales as 𝑚2/3), thus 

resulting in shallow slopes (b ≈ 2/3). Conversely, organisms with low energetic demands are 

likely not so influenced by SA-related processes, and metabolic rate is dominated by minimal 

tissue maintenance that is proportional to body V or mass (𝑚1), thus leading to steep slopes (b 

≈ 1). The combination of SA- and V-related processes would produce an approximation to a 

power relationship between metabolic rate and body mass with a b value somewhere between 



39 

 

1 and 2/3.The MLBH therefore provides a mechanistic link between ecology, life-history traits, 

and metabolic scaling, because any factor influencing resting or routine metabolism, whether 

extrinsic (e.g., temperature, predation pressure) or intrinsic (e.g., maintenance, growth), may 

affect its relationship with body mass. For instance, how SA of respiratory organs such as gills 

varies as body mass increases is thought to greatly influence growth rate, adult size, and 

lifestyle in water-breathing animals (Pauly, 2010; Gillooly et al., 2016; Bigman et al., 2018). 

Indeed, the MLBH has received empirical support in ectotherms such as spiders, snakes, and 

fish (Glazier, 2008, Killen et al., 2010). Specifically, Killen et al. (2010) found a decline in 

allometric slopes of ontogenetic metabolic scaling across 89 species of teleost fish with 

increasing environmental temperature and more active lifestyles, both associated with elevated 

energetic demands. 

 

While the MLBH mechanism invoking SA-related influences on resource supply can 

apply to intraspecific variation in metabolic scaling (Glazier, 2020; Rubalcaba et al., 2020; see 

also Chapter 2 in this thesis), the same mechanism may not extend to interspecific comparisons 

of resting organisms at a standardized size and near their optimum conditions (Jutfelt, 2021). 

Indeed, species adapted to high energy demands and hence high metabolic rates will have 

evolved to obtain resources quickly and efficiently (Anderson, 1994; Glazier, 2009b; Killen et 

al., 2016), and so they may not be nearer to SA limitation than are their sluggish counterparts, 

which are adapted to a slower rate of resource acquisition. For instance, among ectotherms, 

species with more active foraging behaviours generally show higher resting metabolic rates 

(Glazier, 2008; Killen et al., 2010; Tan et al., 2019). Hence, instead of limitations or influences 

on resource supply, differences in interspecific metabolic scaling may be explained by resource 

demands of fitness-related processes that have adapted to certain ecological pressures (Glazier, 

2022a). 

 

Alternatively, Glazier (2005, 2015) proposed that the interspecific variation in 

metabolic scaling could also be related to the different growth trajectories among animals. This 

explanation was more recently developed and termed the ‘Growth Scaling Hypothesis’ (GSH; 

Tan et al., 2019), which argues that differences in the mass-scaling of whole-body energetic 

demands, such as organismal growth or maintenance, may lead to differences in mass-scaling 

of resting or routine metabolic rates across species. This hypothesis is based on the influence 

of overhead costs of growth, i.e., the metabolic energy needed for synthesis of new tissue, 

which contribute strongly to metabolic rate, even at resting levels (Parry, 1983; Rosenfeld et 
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al., 2015). Specifically, the GSH predicts that a decrease in mass-specific growth rate, and so 

the metabolic cost of growth as body size enlarges, will lead to shallower scaling slopes (lower 

b). Hence, in species whose mass-specific growth rate declines with increasing mass at a 

similar rate during ontogeny (von Bertalanffy, 1938, 1957; Froese & Pauly, 2010), rapid-

growing species will have a higher proportion of metabolism determined by growth costs than 

their slow-growing counterparts, and hence be predicted to have lower b at rest. In contrast, 

resting metabolic rates in slow-growing species will be dictated by maintenance demands such 

as protein turnover and regulation of electrochemical gradients (Wieser, 1994; Verberk et al., 

2021), which are proportional to body mass, and hence b will approach 1 in these species.  

 

Although the energy required to synthesize macromolecules (e.g., proteins or 

polysaccharides) seems similar among taxa, the associated costs of growth, such as the 

transport of monomers and ATP to production sites (i.e., the ‘growth machinery’; Clarke, 2017, 

2019), may vary between organisms. Indeed, Barneche & Allen (2018) found that the overhead 

costs of growth increased with temperature and level of activity within 13 families of teleost 

fishes, suggesting that warm-water fishes with active lifestyles will require a greater fraction 

of their assimilated energy per unit growth than cold-water and sluggish fishes. Following the 

GSH, the decline in metabolic scaling slopes b with increasing metabolic rates observed across 

teleost species (Killen et al., 2010) could be underpinned by the increasing contribution of 

overhead costs of growth relative to resting metabolism with temperature and more active 

lifestyles (Barneche & Allen, 2018). This GSH prediction assumes that maintenance demands 

are additional to growth costs and similar among species with varying growth rates (Wieser, 

1994; Clarke, 2017, 2019). Conversely, growth and metabolism may be co-adjusted over long 

evolutionary times (Brandl et al., 2023), so the resulting metabolic costs of growth are 

conserved across species adapted to different temperatures and lifestyles.  

 

Combining theory and empirical data can help to understand how metabolic energy is 

allocated into various fitness-related processes (Sibly et al., 2015; Barneche & Allen, 2018), 

and how these energetic demands may change with ecological factors such as temperature or 

lifestyle. For this purpose, the Ontogenetic Growth Model (OGM; West et al., 2001, Moses et 

al., 2008; Hou et al., 2008) offers a useful tool to integrate the main components of resting 

metabolic rate, comprising organismal growth (𝑑𝑚/𝑑𝑡) and its overhead costs (𝐶𝑔), as well as 

maintenance metabolism (𝑅𝑚𝑚). In agreement with current theory (von Bertalanffy, 1957, 
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Glazier, 2005; Kooijman, 2010), the OGM assumes that mass-specific maintenance demands 

(𝑅𝑚) remain constant over ontogeny, so that total maintenance scales isometrically with body 

mass (𝑚). Hence, in this model, the relative contribution of supporting a certain growth rate 

and body mass to resting metabolism is respectively determined by 𝐶𝑔 and 𝑅𝑚. Furthermore, 

the OGM assumes that the relationship between metabolic rates and body mass follows a 

general ¾ power scaling due to limitations of fractal-like resource transport networks (i.e., b = 

0.75; West et al., 1997), whereas deviations from this general scaling are explained as statistical 

noise (Moses et al., 2008). 

 

This study explores the interspecific variation in ontogenetic metabolic scaling of 

teleost species, and whether this variation may reflect differences in the energetic demands of 

growth and body maintenance. Teleost fish are ideal to investigate the extensive variation in 

metabolic demands of growth and body maintenance because all species belong to a 

monophyletic group that comprises half of all extant vertebrates (ca. 33,000 species), cover a 

vast functional and body size range (ca. 109-fold variation), and occur in a variety of 

environments with temperatures from below 0 ℃ to 40 ℃ (Froese & Pauly, 2010). Moreover, 

although most species start life at a similar size (~1 mg hatchlings), growth rates and final body 

sizes differ enormously between species (Pauly, 2010; Sibly et al., 2015). Indeed, while some 

species produce less than a gram of body mass during their lifetime (e.g., zebrafish), others 

must attain the energy to grow by over half a tonne (e.g., giant tuna) (www.fishbase.org). 

Remarkably, field data have shown that juveniles of large species grow generally faster (in 

length per time) than juveniles of small species, regardless of their initial size (Winemiller & 

Rose, 1992; reviewed in Sibly et al., 2015), indicating differences in energy allocation between 

maintenance and growth among species (Sibly et al., 2015). Despite such variety of life-

histories, growth efficiency seem to be unchanged with species body size among fishes (Hatton 

et al., 2019). This similar growth efficiency may be possible if energy gains and expenditures 

are co-adjusted among species, which evolved under certain ecological pressures to maximise 

fitness (Glazier, 2018b; Tan et al., 2019). 

 

Here, I compiled data on growth and metabolic scaling in teleost species, and used the 

OGM to characterise the metabolic demands of growth and maintenance. Through this meta-

analytic approach, I investigate the GSH (Glazier, 2005; Tan et al., 2019) by testing three 

hypotheses: the metabolic scaling slope (b) decreases as maximum growth rate and its energy 
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demands increases across species (H1); both overhead costs of growth per gram of new tissue 

(𝐶𝑔) and mass-specific maintenance metabolism (𝑅𝑚) have similar, relatively low temperature 

sensitivities due to long-term evolutionary adaptation (Clarke, 2004; Juftlet, 2020)(H2); and 

athletic fishes exhibit higher 𝐶𝑔 and 𝑅𝑚 than other species with more sluggish lifestyles (H3). 

Moreover, I test whether net growth efficiency varies systematically with species body size, 

ecological niche, and evolutionary history (H4). In agreement with the GSH, my findings show 

a negative correlation between b and maximum growth rates across teleost species, yet the 

relative contribution of growth costs to resting metabolism seems unchanged with 

environmental temperature. Overall, my results indicate that growth demands are conserved 

over evolution, whereas athletic fishes possess higher maintenance demands, reflecting the cost 

of sustaining high locomotory capacities. Finally, this study shows that overlooking the 

interspecific variation in ontogenetic metabolic scaling may yield unrealistic estimates of 

energetic demands in teleost fish, highlighting the importance of incorporating the variation in 

slopes b to quantify species performance. 

 

2. Material and methods 

2.1. Collection of metabolic scaling relationships 

The literature was searched for scaling regression parameters of the relationship 

between metabolic rate and body mass within teleost fish species, supplementing with 

additional regressions from the sets compiled in Glazier (2005) and Killen et al. (2010). 

Searches were carried out with Google Scholar, Web of Science and OATD (Open Access 

Theses and Dissertations), searching for terms as ‘fish + metabolism’, ‘fish + metabolic + rate’, 

‘fish + respiration + rate’, ‘fish + oxygen + consumption’, ‘<taxon name> + metabolism’, 

which were also translated to German, Portuguese, Spanish and French. The search was 

completed by looking for related studies through the list of references and citations of all 

relevant papers, i.e., those including the search terms in the title. 

 

Measurements were only accepted when taken on non-active, non-stressed, post-larval 

and post-absorptive animals. A single study was used per species to avoid over-representation 

of species with more data available (Clarke & Johnston, 1999; Killen et al., 2010). When 

multiple scaling regressions were available for a species, measurements of the lowest metabolic 

state (e.g., resting over routine) were preferred, followed by regressions covering the widest 
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body mass range, and last, measurements made at the closest to the species’ optimal or highest 

preferred temperature (according to available literature or FishBase.org, respectively). For 

regressions performed at various temperatures and including both body mass and temperature 

term, metabolic rates were estimated at the closest temperature to the thermal optimum from 

the studied range. Regressions based on wet body mass were also preferred, to avoid variation 

due to water content of species (Yeannes & Almandos, 2003), as different mass types may lead 

to differences in the scaling regression (e.g., Moran & Wells, 2007). In two cases where 

exclusively dry mass was used, conversion to wet mass was calculated as described in the 

original study (Mitz & Newman, 1989) or assuming dry mass is 20% of wet mass (Horn & de 

la Vega, 2016). When regression parameters or body mass ranges were missing in a study, data 

were extracted from figures using WebPlotDigitizer v4.4 (Rohatgi, 2020), performing 

regressions if needed through ordinary least squares (OLS) regressions using log-log data. 

 

2.2. Estimating overhead costs of growth and maintenance metabolism 

This approach is guided by the OGM, which is based on mass-scaling of biological 

rates and organismal energy balance (Moses et al., 2008; Barneche & Allen, 2018). Following 

this model, the resting metabolic rate R (mg O2 d
-1) for an organism of body mass m (g), and 

growth 𝑑𝑚/𝑑𝑡 (g d-1) can be described as: 

𝑅 = 𝐶𝑔 (
𝑑𝑚

𝑑𝑡
) + 𝑅𝑚𝑚, [1] 

where 𝐶𝑔 (
𝑑𝑚

𝑑𝑡
) is the metabolic energy invested in biosynthesis (mg O2 d

-1), and 𝐶𝑔 is the 

overhead cost of growth (i.e. the energy needed per unit growth, mg O2 g
-1), whilst 𝑅𝑚𝑚 is the 

metabolic energy allocated to self-maintenance (mg O2 d-1), and 𝑅𝑚 is the mass-specific 

maintenance metabolism (mg O2 g-1 d-1). In agreement with current theory (Glazier, 2005; 

Kooijman, 2010; Clarke, 2019), the OGM assumes that 𝑅𝑚 remains constant over ontogeny. 

By eq. [1], the extent to which growth rate contributes to resting metabolic rate is determined 

by 𝐶𝑔. The metabolic rate of a resting (i.e., non-active, non-reproductive and post-absorptive) 

organism, on the other hand, can be approximated by the metabolic scaling equation: 

𝑅 = 𝑎𝑚𝑏 , [2] 
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where 𝑎 (mg O2 g
-b d-1) is the normalisation constant, and 𝑏 is the dimensionless mass-scaling 

exponent. Since growth theoretically ceases when the organism reaches the asymptotic or final 

mass 𝑀∞ (von Bertalanffy, 1938, 1957), the resting metabolic rate of an organism at 𝑀∞ is 

therefore entirely allocated to body maintenance: 

𝑅 = 𝑅𝑚𝑀∞ [3] 

and hence 𝑅𝑚 can be calculated as: 

𝑅𝑚 = 𝑎𝑀∞
𝑏−1 [4] 

Note that eq. [4] predicts that mass-specific maintenance metabolism decreases with final body 

size for 𝑏 < 1. Last, when 𝑅, 𝑅𝑚, and 𝑑𝑚/𝑑𝑡 are known, the overhead cost of growth (𝐶𝑔) can 

be calculated through eq. [1] as:  

𝐶𝑔 =
(𝑅 −  𝑅𝑚𝑚)

𝑑𝑚 𝑑𝑡⁄
[5] 

 

2.3. Comparing growth rate across species 

Growth was compared across fish species by the inflection point in the von Bertalanffy 

growth model (VBG; von Bertalanffy, 1938, 1957), which is an estimate of the species’ 

maximum growth rate (𝑔𝑚𝑎𝑥, g d-1). This estimate provides an objective standard to compare 

growth performance among species and prevents the problems of comparing size-at-age data 

(Pauly, 2010). The calculation of 𝑔𝑚𝑎𝑥 was done using the classical VBG equation, which 

describes fish growth in the form: 

𝑑𝑚

𝑑𝑡
= 𝛼𝑚ℎ − 𝛽𝑚 [6] 

According to the OGM (Moses et al., 2008; Barneche & Allen, 2018), eq. [1], [2] and [6] 

simply represent statements of energy balance in organisms, and can be simultaneously true if: 

𝛼 =
𝑎

𝐶𝑔
, 𝛽 =

𝑅𝑚

𝐶𝑔
, and ℎ =  𝑏. Whereas the OGM assumes a general b = 3/4 for mass-scaling of 

metabolic rates (West et al., 1997, 2001), this study uses actual b values from species-specific 

relationships (see previous section). Using eq. [6], the body mass at which maximum growth 

rate is achieved (𝑚𝑔𝑚𝑎𝑥, g) can be estimated by taking the second derivative of mass with 

respect to time, and setting this expression equal to 0, which yields: 
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𝑚𝑔𝑚𝑎𝑥 = (
ℎ𝛼

𝛽
)

(
1

1−ℎ
)

= 𝑀∞ (
ℎ

1
)

(
1

1−ℎ
)

[7] 

Length-based growth data in FishBase were converted to mass values using parameters of the 

length-weight relationships for species from the same website, which describe body mass as: 

𝑚 =  𝑎𝐿𝑙𝑏𝐿 , [8] 

where 𝑎𝐿 (g cm-bL) and 𝑏𝐿 (dimensionless) are the scaling coefficient and exponent 

respectively, that describe the change in body shape over ontogeny, while 𝑙 is body length (cm). 

According to the VBG, ℎ =  1 −
1

𝑏𝐿
  (see Appendix 3.1); hence, using species-specific length-

weight parameters of eq. [8] and replacing ℎ in eq. [7], yields: 

𝑚𝑔𝑚𝑎𝑥 =  𝑎𝐿𝐿∞
𝑏𝐿 (1 −

1

𝑏𝐿
)

𝑏𝐿

[9] 

where L∞ is the final or asymptotic body length (i.e., the length at an infinitely old age, in cm). 

Finally, the corresponding maximum growth rate 𝑔𝑚𝑎𝑥 is calculated by replacing 𝑚𝑔𝑚𝑎𝑥 (eq. 

[9]) in eq. [6]: 

𝑔𝑚𝑎𝑥 = 𝑎𝐿𝐾𝐿∞ (𝐿∞ (1 −  
1

𝑏𝐿
))

𝑏𝐿−1

[10] 

where K is a factor of dimensions time -1 (d-1) by which body length approaches L∞ (obtained 

from 
𝛽

𝑏𝐿
 in eq. [6]; see Appendix 3.1). The values of the VBG parameters K and asymptotic 

length (L∞) were extracted from FishBase.org (March 26, 2022; only ‘non-questionable’ 

records) for those species included in the metabolic dataset, together with data on temperature 

when available. Mean values were used when multiple data were available for a species, so 

that each species was only represented by a single datapoint.  

 

The values of 𝑚𝑔𝑚𝑎𝑥 and 𝑔𝑚𝑎𝑥 have been shown to be largely invariant whether these 

are calculated using VBG or OGM assumptions (Barneche & Allen, 2018). While the VBG 

typically expects that 𝑏𝐿 = 3 due to isomorphic growth (i.e., invariant body shape over 

ontogeny) of organisms like fish, and hence ℎ = 2/3 (though variation around this value is 

expected; von Bertalanffy, 1938, 1957), the OGM predicts that ℎ = 3/4, following the general 
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¾ metabolic scaling proposed for all life forms (West et al., 1997). Using either VBG or OGM, 

the 𝑚𝑔𝑚𝑎𝑥 of a species will be reached in any case at about 1/3 of its final mass 𝑀∞ (0.30𝑀∞ 

and 0.32𝑀∞, respectively). Likewise, the estimation of 𝑚𝑔𝑚𝑎𝑥 here by either ℎ =  𝑏, using 

species-specific 𝑏 values as for the estimation of metabolic rates (see section 2.2), or by ℎ =

1 − 1 𝑏𝐿⁄ , using species-specific 𝑏𝐿 following VBG, would result respectively in 𝑚𝑔𝑚𝑎𝑥= 

0.318 (± 0.0029 s.e.) 𝑀∞ vs. 0.298 (± 0.0002 s.e.) 𝑀∞. The calculations of 𝑚𝑔𝑚𝑎𝑥 and 𝑔𝑚𝑎𝑥 

are therefore expected to be almost identical if the length-based data from FishBase are used 

following either VBG or the present approach, thus supporting the use of these data to compare 

growth and metabolic rates among the compiled species. 

 

2.4. Linking metabolic and growth rates 

To link growth and metabolism at species level, metabolic rates 𝑅 were first calculated 

through metabolic scaling relationships (eq. [3]) at the body mass corresponding to the species’ 

maximum growth rate (𝑚𝑔𝑚𝑎𝑥
). Metabolism and growth are therefore estimated at a 

physiologically comparable mass across species. Species whose scaling relationships showed 

b ≥ 1 were excluded because b < 1 is a necessary condition in this approach, yet this screening 

step excluded only 3.39% (4 species) of the total 118 species collected here. Because mean 

temperatures reported in FishBase and experimental temperatures from metabolic studies were 

already highly correlated [Pearson correlation, r = 0.83, 95% CI (0.74, 0.89), df = 74, p < 0.001; 

Appendix 3.2], no temperature correction was made to link growth and metabolism of these 

species. Growth and metabolic data were thus considered as reliably thermally linked values 

within the species’ thermal ranges. 

 

2.5. Further predictors of metabolic scaling 

The metabolic scaling slopes b are expected to vary not just with growth rate, but also 

with temperature and metabolic level (Killen et al., 2010; Glazier, 2010, 2015), and with the 

mass-scaling of respiratory organs, as an indicator of the influence of surface area-related 

processes (Glazier, 2020). To investigate the possible effect of metabolic level L on b, L (in mg 

O2 g
-1 d-1) was calculated as the mass-specific metabolic rate at the geometric mass-midpoint 

of the metabolic scaling relationships. Likewise, to account for the influence of SA-processes, 

data on the mass-scaling of gill SA was searched for the compiled species. As for metabolic 

rate, the relationship between gill SA (𝐺) with body mass (𝑚) in fish is generally described by 
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a power equation of the form 𝐺 =  𝑎𝐺𝑚𝑏𝐺, where 𝑎𝐺 and 𝑏𝐺 are respectively the scaling 

coefficient and exponent (Pauly, 2010; Pauly & Cheung, 2018). The literature was searched 

for gill SA scaling exponents (𝑏𝐺) as above for metabolic scaling relationships, but using terms 

as ‘<taxon name>’ + ‘gill + surface-area’, ‘gill + scaling’, and ‘gill + body mass’, and including 

exclusively measurements in post-larval fish. 

 

2.6. Statistical analysis 

(a) The relationship between scaling slopes b and maximum growth rates (H1) 

Statistical analyses were performed using R v. 4.2.0 (R Core Team, 2022). Except for 

metabolic scaling slopes (b), all metabolic traits, as well as maximum growth rates and body 

mass were log10 transformed to account for the wide allometric variation among species in 

these variables, and because the relationships are expected to be linear after transformation 

(Hatton et al., 2019; Glazier, 2010, 2021). Firstly, the relationship between scaling slopes (b) 

and log10 maximum growth rates was investigated through a Reduced Major Axis (RMA) 

regression using package ‘smatr’ (Warton et al., 2012), assuming both variables have similar 

measurement error. A further screening step was used to exclude species with sparser data, i.e., 

whose mass ranges in scaling relationships covered less than 5% of ontogenetic mass range (cf. 

Killen et al., 2010; see Appendix 3.3), as well as less than 3 records of growth parameters in 

FishBase. Second, Ordinary Least Squares (OLS) regressions were performed to explore the 

variables that best predict the variation in slope b, assuming that b is dictated by growth rate 

(Glazier, 2005, 2015; Hatton et al., 2019), metabolic level, temperature (Glazier, 2005, 2010), 

or mass-scaling of gill SA (Glazier, 2020). These OLS models also enable the assessment of 

the individual effects of these variables on the slopes b and allow comparison between models 

including different explanatory variables. The variables that best predict b were thus 

investigated by incorporating the possible linear effects of log10 maximum growth rate, log10 

metabolic level, temperature, and gill SA scaling exponent (bG) as explanatory variables in an 

OLS model. This analysis was repeated excluding gill SA scaling exponents, as data on bG 

were scattered and reduced substantially sample size to 21 species. Comparison between 

candidate models to best predict the variation of slopes b across species was made using 

package ‘MuMIn’, which is based on Akaike’s Information Criterion corrected for small 

samples (AICc) (Barton, 2018). Model averaging was used to identify the best explanatory 

variables across the candidate models and determine their relative importance, calculated as 
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the sum of Akaike weights of each variable from all models in which they are incorporated. 

All possible combinations of variables included in these models were compared using the 

function ‘dredge’, identifying the best model as that with the lowest AICc value.  

 

(b) Variation in Cg and Rm with temperature and among lifestyles (H2-H3) 

Further OLS models were used to investigate the effect of temperature (βT) and lifestyle 

on the overhead costs of growth (𝐶𝑔, mg O2 g
-1) and maintenance metabolism (𝑅𝑚, mg O2 g

-1 

h-1) across species. These regressions incorporated either 𝐶𝑔 or 𝑅𝑚 as response variables, with 

explanatory variables temperature, lifestyle, and body mass (to account for the effect of body 

size, βm). The temperature recorded in metabolic studies was used in these analyses because 

these values were close to temperatures recorded for growth data (see section 2.2), but also 

precisely measured, and available for all compiled species. Lifestyle groups followed the 

classification in FishBase: ‘demersal’ (i.e., living near the bottom), ‘benthopelagic’ (i.e., 

between the bottom and the surface), ‘pelagic’ (i.e., near the surface), and ‘reef-associated’ 

(i.e., on coral reefs). One species (Sebastolobus altilevis) was excluded from the categorical 

analyses because it was the only representative of the bathy-demersal lifestyle. 

 

For comparison of temperature effects only, the residuals of OLS models for 𝐶𝑔 and 

𝑅𝑚 were expressed relative to the fitted regression values at 1 g of body mass. The Q10 value 

was then calculated for each variable, using the equation: 

Q10 = (𝑘30 𝑘0⁄ )(10 (30−0)⁄ ) [11] 

where k30 and k0 are either 𝐶𝑔 and 𝑅𝑚 estimated at 30 and 0 ℃ using the fit of OLS 

regressions to the mass-corrected data. Likewise, for further comparisons of lifestyle effect 

alone, 𝐶𝑔 and 𝑅𝑚 were corrected at 15℃ and 1 g (using residuals of OLS regressions as 

described above). The differences in these mass- and temperature-corrected values between 

lifestyles were then analysed through post hoc comparisons using Tukey’s ‘Honest Significant 

Difference’ tests (HSD), which account for multiple pairwise comparisons (Abdi & Williams, 

2010). Furthermore, to explore how predictions may change by overlooking the variation in 

slopes b between species, the latter analyses were repeated with estimates obtained using the 

general ¾ metabolic scaling approach (b = 0.75), instead of the actual b values of species. 
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(c) Variation in net growth efficiency across species (H4) 

To calculate net growth efficiency of species, both resting metabolic rates and 

maximum growth rates were firstly transformed into energy units (Joules) using a general 

oxyjoule conversion of 14.14 J mg-1 O2 consumed (Elliot & Davison, 1975; often applied in 

fish, e.g., Navarro et al., 2019; Dawson et al., 2020) and 6,276 J g-1 wet mass (i.e., 1500 calories 

g-1, as approximated mean value for teleosts; Cumminns & Wuycheck, 1971). The net growth 

efficiency was then calculated as 
𝑔𝑚𝑎𝑥

(𝑅 + 𝑔𝑚𝑎𝑥)
, i.e., the proportion of energy stored by growth per 

total assimilated energy at body mass 𝑚𝑔𝑚𝑎𝑥
 (Angilletta & Durham, 2003). A Beta regression 

model (BRM) was performed using package ‘betareg’ (Cribari-Neto & Zeileis, 2010) similar 

to the OLS above, including net growth efficiency as response variable and temperature, 

lifestyle and log10 body mass as explanatory variables. The BRM was used here because it 

accounts for the right skewed distribution of the growth efficiency data, which comprises 

proportions ranging from more than 0 to less than 1 (Cribari-Neto & Zeileis, 2010). Finally, 

the variation in the estimates of net growth efficiency obtained using either actual b values or 

the general ¾ scaling were compared among lifestyles and thermal regimes. Species were then 

grouped into climate zones, again following FishBase: ‘tropical’ (i.e., preferring temperatures 

> 20℃), ‘subtropical’ (i.e., tolerating minimum temperatures of 10 – 20℃), ‘temperate’ (i.e., 

tolerating temperatures < 10℃), and ‘polar’ or ‘boreal’ (i.e., adapted to temperatures < 5℃). 

 

(d) Model checking and phylogenetically informed comparisons 

The outputs of OLS models are presented through ANOVA tables for model objects to 

examine the significance of each independent variable. Following Zuur & Ieno (2016), these 

models were validated by visually checking the normality of model residuals, the plot of 

residuals versus fitted values, normal Q–Q plots, and Cook’s distances, using the R package 

‘performance’ (Lüdecke, 2021). Furthermore, OLS analyses as well as the BRM for growth 

efficiency were repeated using phylogenetic generalised least squares (PGLS) in the ‘caper’ 

package (Orme et al., 2018) to account for phylogenetic non-independence of species. 

Phylogenetic information was obtained from The Fish Tree of Life using the package ‘fishtree’ 

(Chang et al., 2019), which contains a phylogeny of 11,638 teleost species estimated from 

genetic data and dated using 139 fossil calibrations. The phylogenetic correlation between 𝐶𝑔, 
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𝑅𝑚 or net growth efficiency and the linear predictors (i.e., temperature, lifestyle, log10 body 

mass) was tested through Pagel’s λ (Freckleton et al., 2002). The value of λ ranges from 1, 

meaning a strong phylogenetic signal when model residuals are best described by species 

phylogeny, to λ = 0, when species traits can be considered statistically independent (i.e., all 

species equally distant in the phylogeny). For comparability between BRM and PGLS, net 

growth efficiencies were used in the PGLS regression after logit transformation. Since PGLS 

and phylogenetically non-informed models yielded very similar outputs, only the latter results 

are reported in the text. Last, the variation in net growth efficiency across the fish phylogeny 

was visualised using package ‘ggtree’ (Yu et al., 2017), where the state transition of efficiency 

from ancestral to offspring nodes was represented in the phylogenetic tree using the function 

‘fastAnc’ in package ‘phytools’ (Revell, 2012).  

 

3. Results 

3.1. Growth rate covaries inversely with metabolic scaling slope across species (H1) 

Metabolic scaling relationships and growth parameters were obtained for 118 teleost 

species comprising 23 orders (plus Incertae sedis), spanning over 6 orders of magnitude in 

body mass at which maximum growth rate was derived (𝑚𝑔𝑚𝑎𝑥
) across species (21 mg – 241 

kg), occurring from polar to tropical zones, and covering from demersal to pelagic lifestyles 

(Table S3.1). Across these species, metabolic scaling slopes (b) showed a weak yet significant, 

negative relationship with log10 maximum growth rates (𝑔𝑚𝑎𝑥) (Figure 3.2). The resulting 

RMA regression was defined as: b = 0.72 – 0.12 log10 𝑔𝑚𝑎𝑥 [95% CIs (0.69, 0.75) and (-0.15, 

-0.10) for slope and intercept respectively; R2 = 0.07, p = 0.003]. The latter regression was 

repeated including only species for which metabolic scaling regressions covered ≥ 5% of the 

species’ ontogenetic mass range (Killen et al., 2010), and growth rates were calculated from ≥ 

3 records in FishBase. This further screening step kept just 54 species in the analysis, though 

yielded a very similar yet stronger relationship between b and log10 maximum growth rates 

[RMA: b = 0.70 (0.66, 0.74) – 0.13 (-0.17, -0.10) log10 𝑔𝑚𝑎𝑥; R2 = 0.41, p < 0.001]. Moreover, 

the best model (i.e., with the lowest AICc score) for the variation in slopes b across all sampled 

species incorporated log10 maximum growth rates and temperature as predictors, yet the latter 

variable showed no significant effect on b (OLS: p = 0.267; Table A3.1-2, see Appendix 3.4). 

Likewise, log10 maximum growth rate was included as the only predictor in the best model for 

the subset of 21 species for which data on gill SA scaling slopes (bG) were available (Table 
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A3.3-4). Moreover, the PGLS analysis of the latter OLS regressions showed no phylogenetic 

signal (i.e., λ was not significantly different from 0) and so yielded nearly identical results for 

the species with phylogenetic data available in The Fish Tree of Life (see Appendix 3.5; Table 

A3.5-6). 

 

Figure 3.1. The relationship between ontogenetic metabolic scaling slopes (b) and maximum 

growth rates (𝑔𝑚𝑎𝑥) across the 118 species of teleost fish compiled in this study. The line 

denotes the regression line of the Reduced Major Axis regression [RMA: b = 0.72 95%CI (0.69, 

0.75) – 0.12 (-0.15, -0.10) log10 𝑔𝑚𝑎𝑥; R2 = 0.07, p = 0.003]. By including only species for 

which metabolic scaling regressions covered ≥ 5% of the ontogenetic mass and growth rate 

data from ≥ 3 records in FishBase (filled points, n = 54), the regression yielded a stronger 

relationship between b and log10 maximum growth rates [RMA: b = 0.70 (0.66, 0.74) – 0.13 (-

0.17, -0.10) log10 𝑔𝑚𝑎𝑥; R2 = 0.41, p < 0.001]. The boxplot shows the distribution of 𝑏: mean 

(white square, b = 0.756), median (solid line within the box), 25th and 75th percentiles (box 

boundaries), and whiskers indicate the largest and smallest value within 1.5 times the 

interquartile range beyond either box boundary. Horizontal dashed lines indicate the slope b 

assumed in the ‘Ontogenetic Growth Model’ (b = ¾), as well as the upper (b = 1) and lower (b 

= 2/3) boundaries of b predicted by the ‘Metabolic Level Boundaries Hypothesis’. 

 

 = 1

  = 2/3

  = 3/4

Figure 173.1 

Figure 183.1. The relationship between ontogenetic metabolic scaling slopes and maximum growth rates across the species of teleost fish compiled in this study. 
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3.2. The overhead costs of growth and maintenance metabolism exhibit similar 

temperature sensitivity (H2) 

The overhead cost of growth (𝐶𝑔, mg O2 g
-1) and maintenance metabolism (𝑅𝑚, mg O2 

g-1 d-1) were calculated for 114 of the total 118 sampled species, whose slopes 𝑏 were less than 

1 and hence fitted into the current approach (see Methods). One of the latter species 

(Sebastolobus altilevis) was excluded from the analyses due to it being the only representative 

of the bathy-demersal lifestyle. Among the remaining 113 species, the variation in both 𝐶𝑔 

(mean 458.50 ± 48.9 standard error, mg O2 g
-1) and 𝑅𝑚 (mean 1.52 ± 0.11 s.e., mg O2 g

-1 d-1) 

covered a similar range of ca. 2 orders of magnitude.  

 

The OLS models showed that both temperature and body mass (𝑚𝑔𝑚𝑎𝑥
) had significant 

effects on the overhead cost of growth (𝐶𝑔) and maintenance metabolism (𝑅𝑚) across species 

(Table 3.1). As expected by this approach, log10 𝑅𝑚 decreased with log10 body mass [βm = -

0.145, 95% CI (-0.192, -0.099), p < 0.001]; conversely, log10 𝐶𝑔 showed a small yet significant 

increase with log10 body mass [βm = 0.074 (0.013, 0.135), p = 0.018]. Temperature exhibited 

similar effects on log10 𝐶𝑔 [βT = 0.015 (0.008, 0.022), p < 0.001] and log10 𝑅𝑚 [βT = 0.018 

(0.013, 0.024), p < 0.001]. After correction at 1 g of body mass (Fig. 3.2A), 𝐶𝑔 and 𝑅𝑚 

increased respectively with a Q10 value of 1.42 (1.21, 1.67) and 1.53 (1.34, 1.73) from 0 to 30 

℃. Moreover, while the thermal effect was nearly identical for 𝐶𝑔 values obtained by using 

actual b values and by using the general ¾ metabolic scaling [βT = 0.015 vs. 0.018 (0.010, 

0.026), respectively], the effect of temperature was almost doubled for 𝑅𝑚 estimates obtained 

using actual versus b = 0.75 [βT = 0.018 vs. 0.029 (0.022, 0.037)].  
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Table 3.1. Ordinary least squares models to describe the variation in the overhead costs of 

growth (𝐶𝑔) or maintenance metabolism (𝑅𝑚), as explained by body mass (𝑚𝑔𝑚𝑎𝑥
, g), 

temperature (℃), and lifestyle across the sampled species of teleost fish. All metabolic costs 

as well as body mass were log10-transformed. Results are reported as analysis of variance tables 

including R2 for each model, whereas significant effects (p < 0.05) are shown in bold. 

Table 33.1. Results of the ordinary least squares models describing the variation in overhead costs of growth or maintenance metabolism as explained by body mass, temperature, and lifestyle across species of teleost fish. 

 

 

The PGLS models included 109 of the latter 113 species for which phylogenetic data 

were available in The Fish Tree of Life (Fig. 3.3). This model showed a negligible phylogenetic 

signal (i.e., λ was not significantly different from 0) for 𝐶𝑔, yielding nearly identical results to 

those from the OLS models (Table A3.7). Conversely, the PGLS analysis of maintenance 

metabolism did exhibit a significant phylogenetic signal (λ = 0.544), meaning that 𝑅𝑚 tends to 

be similar between closely related species. 

 

3.3. The overhead costs of growth are similar but maintenance metabolism varies among 

lifestyles (H3)  

Lifestyle showed a significant effect only on maintenance metabolism (p = 0.014). 

After correcting for both temperature and mass (Fig. 3.2B), log10 𝑅𝑚 was significantly higher 

for pelagic species than for benthopelagic (HSD: p = 0.024) and demersal species (HSD: p = 

0.011). Indeed, the mean maintenance metabolism of pelagic species (3.78 ± 0.42 s.e., mg O2 

g-1 d-1) was ca. 1.6-fold higher than that of benthopelagic (2.39 ± 0.19 s.e., mg O2 g
-1 d-1) and 

demersal species (2.38 ± 0.24 s.e., mg O2 g
-1 d-1). In contrast, by using the general ¾-power 

scaling, pelagic species exhibited significantly higher log10 𝐶𝑔 and log10 𝑅𝑚 than benthopelagic 

(HSD: p = 0.004 and p < 0.001, respectively) and demersal species (HSD: p = 0.01 and p < 

0.001). Furthermore, the PGLS model showed that lifestyle was only marginally significant (p 

= 0.053, Table A3.7), indicating that the differences between lifestyles found in the OLS model 

variable predictor df F-value p R2 

Overhead cost of growth Body mass 1 10.865 0.001 

0.19 (𝐶𝑔, mg O2 g
-1) Temperature 1 17.809 <0.001 

 Lifestyle 3 0.844 0.473 

Maintenance metabolism Body mass 1 23.206 <0.001 

0.40 (𝑅𝑚, mg O2 g
-1 d-1) Temperature 1 45.544 <0.001 

 Lifestyle 3 3.672 0.015 
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might be influenced by closely related species sharing similar levels of maintenance 

metabolism. 

 

Figure 3.2. The variation in metabolic cost of growth (𝐶𝑔, upper panels) and maintenance 

metabolism (𝑅𝑚, lower panels) with: (A) temperature, after body mass correction at 1g; and 

(B) lifestyle, after correction at a temperature of 15℃ and body mass of 1g. In A, lines and 

colour bands denote regression lines and 95% confidence intervals of the OLS models. Thick 

and dashed lines respectively indicate model predictions using either actual slopes b from 

species-specific scaling relationships, or a general ¾ metabolic scaling (b = 0.75) for all 

species. In B, boxplot symbols as in Fig. 3.1. Filled and empty boxes respectively indicate 

whether 𝐶𝑔 and 𝑅𝑚 were calculated using actual b values or the general ¾ scaling. Significant 

differences between lifestyles using either actual b values (upper case) or a general b = 0.75 

(lower case) are indicated by different letters (Tukey’s HSD, p < 0.05). 

  

Figure 203.2 
Figure 193.2. The variation in metabolic cost of growth and maintenance metabolism with temperature, after body mass correction at 1g; and lifestyle, after correction at a temperature of 15℃ and body mass of 1g. 
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3.4. Net growth efficiency is independent of body size, lifestyle, and phylogenetic 

relatedness (H4) 

 The net growth efficiency averaged, in percentage, 25.20 ± 1.21 % and varied ca. 17-

fold among teleost species (Fig 3.3). Temperature only showed a weak negative effect on 

growth efficiency [BRM: t = -2.96, βT = -0.019 (-0.032, -0.0065), p = 0.003, pseudo-R2 = 0.09], 

which decreased 11.69% from 0 to 30 ℃, according to this model. As for Cg, the PGLS model 

showed no phylogenetic signal (i.e., λ = 0) for net growth efficiency (Table A3.8). Last, while 

the estimates obtained using actual slopes b and the general ¾ scaling were overall similar for 

demersal, benthopelagic and reef-associated species along climate zones, the estimates for 

pelagic species showed opposite trends from cold to warm climates between these methods. 

This difference was especially pronounced for tropical, pelagic species, whose growth 

efficiencies were on average ca. 4.7 times lower when using the general b = 0.75 instead of the 

actual b of species. 

 
Figure 3.3. The phylogeny of teleost fish used in this study (A), comprising species from 23 

orders (plus Incertae sedis), spanning over 6 orders of magnitude in body mass, exhibiting 

lifestyles from demersal to pelagic, and occurring from polar to tropical waters. Four species 

are missing in this tree due to lack of phylogenetic data. Point size shows the ontogenetic 

 

Figure 223.3 



56 

 

metabolic scaling slope b of species. Branches are coloured by gradient projection from 

ancestral nodes to offspring nodes, whereas colours reflect the variation in net growth 

efficiency, from light (low efficiency) to dark green (high efficiency). Right panels show the 

variation in mean (± s.e.) slopes b (B) and net growth efficiency (in percentage) (C) between 

lifestyles and climate zones. Horizontal dashed lines in B are as in Fig. 3.1. In C, two sets of 

growth efficiencies are shown for each lifestyle, indicating whether estimates were obtained 

using actual slopes b (filled symbols and thick lines) or the general ¾ metabolic scaling for all 

species (empty symbols and dashed lines). 

 

4. Discussion 

Across a variety of teleost fish with widely different thermal preferences and lifestyles, 

the ontogenetic mass-scaling of metabolic rates decreased with maximum growth rates (Fig. 

3.1). This supports the GSH prediction that differences in resource demands of growth may 

underpin the interspecific variation in metabolic scaling (Tan et al., 2019). This hypothesis may 

be considered an alternative or complementary explanation to the surface-area related 

influences on resource supply proposed by the MLBH (Glazier, 2005, 2010, 2014; Killen et 

al., 2010). Moreover, the overhead costs of growth and maintenance metabolism exhibited 

similar thermal sensitivities (Fig. 3.2A), suggesting that the relative contributions of these two 

energetic demands to resting metabolism remain invariant within the temperature range studied 

here across species. Maintenance demands, by contrast, were higher in pelagic species than in 

more sluggish lifestyles (Fig. 3.2B). Finally, my results indicate that net growth efficiencies 

are relatively conserved among teleost fishes living under extremely different ecological 

pressures (Fig. 3.3), but also highlight the importance of the interspecific variation in metabolic 

scaling to quantify energy requirements in these species.  

 

4.1. Metabolic scaling slopes decrease with growth rates across teleost fishes 

As expected by the GSH, the scaling slopes b showed a downward trend from 1.07 to 

0.48 as maximum growth rates increased ca. 5 orders of magnitude across 118 teleost species 

(Fig. 3.1), revealing that mass-specific metabolic rates at rest decrease more steeply over 

ontogeny in species that achieve faster growth. The wide variability observed in the latter 

relationship (R2 = 0.07) was substantially reduced after excluding species with sparser data (R2 

= 0.41). This further screening step yielded an almost identical trend between b and growth 

rates, thus supporting the slope of this relationship (Fig. 3.1). Besides effects of data quality, 

the extensive variation in slopes b here may be related to differences in mass-scaling of growth 
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rates between species (Glazier, 2020), which were not considered here. Indeed, according to 

the GSH (Tan et al., 2019), not only the variation in relative contribution of growth demands 

to metabolism, but also in the mass-scaling of these demands may underpin differences in 

metabolic scaling. Mass-specific growth rates tend to decline linearly with body mass when 

plotted on a log-log scale, whereas the negative slope of this relationship usually ranges 

between -0.3 and -0.5 in teleost fishes (reviewed in Imsland & Jonassen, 2001), but stark 

differences in this slope also occur between co-occurring species. For instance, in the bluefish 

Pomatomus saltatrix, mass-specific growth rates exhibit a much steeper decline during 

ontogeny than in flounders Platichthys flesus (slope: -0.88 vs. -0.29, respectively; Buckel et 

al., 1995; Fonds et al., 1992), which may lead to differences in mass-scaling of metabolic 

demands and hence slopes b, even if the relative contribution of growth demands at 𝑚𝑔𝑚𝑎𝑥
 to 

metabolism was the same in both species. 

 

Furthermore, I found that the variation in scaling slope (b) among species was better 

explained by maximum growth rate, rather than by temperature, metabolic level, or mass-

scaling of gill SA, as evidenced by the best OLS models that always incorporated maximum 

growth rates as predictor of b (Appendix 3.4). Altogether, these results suggest that growth 

rates and so final sizes have adaptively co-adjusted to different environmental pressures in 

teleost fish (Winemiller & Rose, 1992; Sibly et al., 2015), which led to various patterns of 

metabolic scaling between species (Glazier, 2015). In effect, large species in this dataset (i.e., 

upper quartile of body mass at maximum growth, mean = 15,643 g) exhibited on average the 

highest maximum growth rate and the lowest slope b (12.22 ± 3.69 s.e. g d-1; b = 0.74 ± 0.02), 

whereas small species (lower quartile, mean = 30 g) exhibited the slowest maximum growth 

rate and highest b (0.05 ± 0.01 g d-1; b = 0.82 ± 0.03). All else being equal (e.g., resource 

availability, predation pressure), a relatively higher growth investment might explain shallower 

metabolic scaling in large species, according to the GSH. However, a complementary 

explanation may be possible if growth rate, and so its metabolic demands, are more surface 

area-related than maintenance, due to the influence of exchange surfaces on the mobilisation 

of body reserves needed for growth (Kooijman, 2010, Maino et al., 2014). In such case, large 

species allocating greater fractions of metabolic energy into growth would be more influenced 

by SA-related processes than small species, thus leading to lower slopes b as expected by the 

MLBH. 
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4.2. Temperature affects similarly the costs of growth and maintenance metabolism  

According to my second prediction (H2), the overhead costs of growth (𝐶𝑔) and 

maintenance metabolism (𝑅𝑚) showed similar increases with temperature after accounting for 

body mass (Q10 = 1.42 and 1.53, respectively; Fig. 3.2A). These metabolic demands showed 

lower Q10 values than those previously found for resting metabolic rates among teleost fishes 

(Q10 = 1.83 – 1.91; Clarke & Johnston, 1999; Killen et al., 2010). Moreover, the similar thermal 

sensitivity between costs of growth and maintenance indicates that the relative contribution of 

these demands to metabolism would remain unchanged in species with identical growth rate 

and body mass, regardless the temperature they live at. Hence, the argument that 𝐶𝑔 is 

disproportionally higher in warm-water species compared to 𝑅𝑚 could not explain the decrease 

in scaling slopes (b) with temperature observed across species in teleost fish (Killen et al., 

2010). Interestingly, Barneche & Allen (2018) reported a similar range of overhead costs of 

growth for teleost fishes to this study, yet they estimated a 22-fold increase in 𝐶𝑔 from 0 to 30 

℃ within fish families, whereas 𝐶𝑔 here only increased ca. 3-fold over the same temperature 

range across species. This contrasting result may be due to the different taxonomic levels at 

which these comparisons were made, as increasing evolutionary time – from variation within 

families (Barneche & Allen, 2018) to across species (this study) – implies that fishes may have 

diverged more independently of temperature (Clarke, 2004; Jutfelt, 2020). Additionally, 

although both studies are based on similar data and methods, Barneche & Allen (2018) applied 

a general ¾ mass-scaling of metabolic rates to obtain 𝐶𝑔, which may also affect the estimation 

of growth demands (see discussion below).  

 

4.3. Lifestyle shows no effect on the costs of growth, yet pelagic fishes exhibit higher 

maintenance metabolism 

In contrast with H3, I found that 𝐶𝑔 was largely independent of lifestyle (Fig. 3.2B), 

after accounting for both mass and temperature. Overall, the results for 𝐶𝑔 suggest that 

differences in growth rate and its energetic demands among species, rather than other costs 

related to thermal regime or lifestyle, contribute to the interspecific differences of slopes b seen 

in resting fish. This finding also agrees with empirical evidence of similar overhead costs of 

growth among species at comparable life stages (Wieser, 1994; Clarke, 2017). Conversely, the 

mass- and temperature-corrected maintenance metabolism (𝑅𝑚) for species with pelagic 

lifestyles was significantly higher than for benthopelagic and demersal species. These results 
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suggest that, while the metabolic costs of achieving certain growth rates are adapted to specific 

selective pressures (Brandl et al., 2023), increased maintenance demands may have evolved in 

species with higher activity levels. 

 

In effect, fish living in sunlit, pelagic zones experience stronger selective pressures 

from predation than other species, which requires faster and more sustained swimming to 

capture prey. Hence, pelagic fishes may have adapted to sustain high locomotory capacities 

(Killen et al., 2010, 2016). The athletic performance of these species involves energy-costly 

organs, such as protein-rich muscles, as well as large hearts and gill surface-area (Muir & 

Hughes, 1969; Brill, 1996; reviewed in Killen et al., 2016), whose maintenance requirements 

are higher than in more sluggish counterparts, even when fish are compared at rest. Likewise, 

athleticism implies higher mitochondrial densities (Hoppeler et al., 1987; Johnston et al., 1998; 

Burpee et al., 2010) and increased proton leakage across mitochondrial membranes (Brand, 

1990), which can decrease ATP synthesis relative to oxygen consumption by the mitochondria 

(Koch et al., 2021). Although this might be seen as low metabolic performance, high proton 

leakage can decrease protonmotive forces and hence reduce the production of reactive oxygen 

species by mitochondria, thus reducing oxidative stress (Koch et al., 2021), which might be 

advantageous in open, well-oxygenated waters (Verberk & Atkinson, 2013). Moreover, as 

occurs in endotherms, increased proton leak can also produce metabolic heat (Koch et al., 

2021), which may be useful for pelagic fishes (Carey et al., 1971; Block, 1991; Block & 

Finnerty, 1994), as in dolphinfish or some scombrids included in this dataset, to maintain the 

temperature of specific organs (e.g., locomotory muscles or brain) above water temperature, 

thus enhancing swimming and response capacity (Killen et al., 2016). 

 

4.4. Growth efficiency is conserved across teleost species 

According to the prediction (H4) that species possess equivalent growth performance 

at steady state (Brandl et al., 2023), I found that net growth efficiency was largely independent 

of body size, lifestyle, and phylogenetic relatedness, yet efficiencies decreased slightly with 

temperature. These results indicates that growth efficiency may have converged within a 

narrow range over teleost evolution, as it varied ca. 17-fold compared to the ca. 60,000-fold 

variation in maximum growth rates among species with widely different body sizes, ecological 

niches, and taxonomic affiliations (Fig. 3.3). A similar independence of growth efficiency from 

species body size has been observed within other major taxa, including protists, ectotherms, 
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mammals, and plants (Banse, 1979; Hatton et al., 2019). However, for the range of net growth 

efficiencies observed here in teleost fishes (congruent to previous estimates in aquatic 

ectotherms, including fish; Welch, 1968), the declining trend with temperature suggests that, 

even after long-term evolutionary adaptation (Clarke, 2004), warm-water species require more 

assimilated energy than cold-water species to produce a gram of body mass. 

 

4.5. The adaptive significance of interspecific variation in metabolic scaling  

The mean metabolic scaling slope across all teleost fishes compiled here (b = 0.77 ± 

0.01 s.e.; Fig. 3.1) was very close to the predicted ¾ power scaling in the OGM (West et al., 

1997, 2001). However, systematic deviations from this average slope do occur among climate 

zones and lifestyles (Killen et al., 2010; Fig. 3.3B), where b tends to decrease from cold to 

warm waters. Consequently, when these differences in metabolic scaling are ignored and b = 

¾ is assumed, the mass-corrected maintenance metabolism (𝑅𝑚) is expected to increase with 

temperature about twice as much as when actual, species-specific b values are used to estimate 

𝑅𝑚 (Fig. 3.2A). In other words, the maintenance demands of cold-water fishes could be 

underestimated when their relative steep slopes b compared to their counterparts in warmer 

climates are overlooked (mean b = 0.81 ± 0.02 vs. 0.76 ± 0.01, respectively). Following 

reasoning from the GSH (Tan et al., 2019; see also Glazier, 2005, 2015), not only slow growth, 

but also relatively large contributions of maintenance metabolism can lead to steep metabolic 

scaling when self-maintenance functions are a major part of total metabolism. I here argue that 

such high b values in cold-water fish are not just statistical noise (Glazier, 2022a) but may 

indeed reflect a greater contribution of tissue maintenance to the resting metabolism in these 

species. 

 

Similar to pelagic species, cold-adapted fishes possess high mitochondrial densities 

(Johnston et al., 1998; Pörtner, 2002), as well as highly duplicated genes for antifreeze 

glycopeptides compared to other fish (Clarke & Johnston, 1996; Peck, 2020). In effect, among 

the highest mitochondrial volume densities in vertebrates are observed in nototheniids, a family 

of cold-adapted fishes that radiated in the Antarctic Ocean (Clarke & Johnston, 1996), and 

whose representatives in this study exhibited relative high scaling slopes (b = 0.83 ± 0.05). 

Moreover, many of the duplicated protein-coding genes in cold-water species are involved in 

protein folding, which seems especially difficult in fish living at low temperatures, as reflected 
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by the low fractions of newly synthesised proteins retained relative to warm-water fish (Clarke, 

2017). The high turnover of misfolded proteins should thus require a major fraction of 

metabolic energy available in these organisms, at the expense of energy needed for synthesis 

of new tissue (Clarke, 2017; Peck, 2018). A neat example of this energy trade-off hypothesis 

may be seen among the pelagic species studied here. Whereas the Antarctic silver fish 

Pleuragramma antarctica and the Atlantic bluefin tuna Thunnus thynnus exhibited similar 

costs of growth (mass- and temperature-corrected 𝐶𝑔 = 270.28 vs. 239.62 mg O2 g-1, 

respectively), the maintenance metabolism for silver fish was twice as high as that for bluefin 

tuna (mass- and T-corrected 𝑅𝑚 = 4.48 vs. 2.13 mg O2 g
-1 d-1). Consistent with the GSH, silver 

fish and bluefin tuna showed stark differences in mass-scaling of metabolic rates (b = 0.93 vs. 

0.66), which may reflect the different energy allocation between tissue maintenance and growth 

in these species (Tan et al., 2019). 

 

Remarkably, despite the considerable variation in b between species (b = 0.38 to 0.98), 

their estimated overhead costs of growth (𝐶𝑔) and net growth efficiencies were generally 

similar, whether these were obtained using the actual b values or the general ¾ -power scaling, 

except in pelagic species. Indeed, excluding the wide variation in slopes b among pelagic fish 

(b = 0.38 to 0.94), the average 𝐶𝑔 appears to be significantly higher for these species than for 

other lifestyles (Fig. 3.2B), whereas net growth efficiency declines from cold to warm climates 

(Fig. 3.3B), being especially low in tropical species. Overall, the differences arising from using 

actual b values or a general b = 0.75 reveal the importance of accounting for the variation in 

metabolic scaling (as seen in pelagic or cold-water fish), especially in quantitative models 

aiming to describe the energetic requirements of species. 
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The cost of biomass production changes during ontogeny and between reproductive 

modes in a model crustacean 

 

Abstract 

The relationship between metabolic rate and body mass (often termed metabolic scaling) 

describes the change in energy use with organismal size, and varies widely across all levels of 

organisation. Within species, metabolic scaling usually shifts during ontogeny and differs 

between sexes. To explain such variation, the emphasis has been placed on changes in rates of 

biomass production with body mass, whereas the metabolic costs of synthesising new tissue 

are generally assumed invariant. Concomitantly, the cellular mode of growth of organisms, 

generally dictated by cell multiplication early in ontogeny and later by cell expansion, may 

influence either resource-supply capacity per cell or the costs of supply to cells, thus affecting 

the costs of production. Using a well-known model crustacean, Artemia franciscana, I here 

investigate how the relationships between rates of metabolism and biomass production during 

ontogeny and reproduction may align with changes of cellular growth seen in this species. My 

findings show synchronous shifts in metabolic scaling and growth trajectory over ontogeny. 

Moreover, the cost of growth increased between larvae and post-larval individuals, which may 

reflect the transition from predominant cell multiplication to expansion during Artemia growth. 

Metabolic scaling differed between single males and females, likely due to steep mass-scaling 

of developing eggs and longer post-maturational growth in females, yet no sexual difference 

in metabolic scaling was found in reproductive individuals. My results suggest that 

reproduction demands and their mass-scaling may converge between reproductive individuals 

due to increased activity of mating, but also due to the ability of females to switch reproductive 

mode and so change offspring production costs. Overall, these results indicate that biomass 

production as well as its associated costs can vary between ontogenetic phases and during 

reproduction, and hence lead to different metabolic scaling patterns. 

 

Keywords: Metabolic rate; Body mass; Allometric Scaling; Ontogeny; Arthropods; Growth; 

Reproduction; Physiology; Costs of Production; Cellular Mode of Growth 
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1. Introduction 

All life forms depend on metabolism to transform energy and materials into new 

biomass (Gillooly et al., 2001). Metabolic rate is strongly associated with body size (M), whose 

relationship can be described as a power function, R = amb (Kleiber, 1932; Bertalanffy, 1957), 

where a is the scaling coefficient, and b is the scaling exponent, or allometric slope in a linear 

regression between log R vs log M. The existence of a universal slope value of ¾ (Hemmingsen, 

1960; West et al., 1999; Savage et al., 2004) has been increasingly challenged by growing 

evidence of variation in the scaling exponent (e.g. White et al., 2007; DeLong et al., 2010; 

Glazier, 2022a), particularly within species (Bokma, 2004; Glazier, 2005). Indeed, metabolic 

scaling generally changes over ontogeny and between sexes, yet the underlying mechanism(s) 

of this variation remain under debate (Wieser, 1984, Glazier, 2005, 2020; Somjee et al., 2022). 

Understanding how and why intraspecific metabolic scaling varies is crucial in ecology, since 

this variation is intrinsically linked to changes in organismal physiology, biomass production, 

and ecological energetics (Gould, 1966; Glazier, 2005; Glazier et al., 2015). 

 

Metabolic scaling slopes shift over ontogeny in many diverse species, from copepods 

to humans (Wieser, 1984; Glazier, 2005, 2014; Glazier et al., 2015). These shifts generally 

entail steep metabolic scaling (i.e., high slope b) during early postembryonic (e.g., larval) 

ontogeny and shallow scaling (low b) later in ontogeny (Glazier, 2005). Since maintenance 

costs such as tissue turnover or regulation of ion gradients are typically assumed to be constant 

on a mass-specific basis over ontogeny (Glazier, 2005; Moses et al., 2008; Kooijman, 2010; 

see empirical evidence, e.g., Vahl, 1984; Nielsen et al., 1995; Rombough, 2006), these 

energetic demands are not expected to underpin ontogenetic changes in slopes b. Building new 

mass, by contrast, requires a substantial amount of metabolic energy that varies following 

changes in biomass production as organisms enlarge (Parry, 1983; Wieser, 1994); hence, these 

costs have been hypothesised to explain shifts in metabolic scaling over ontogeny (Glazier, 

2005). Rapid and accelerating mass-specific growth as size increases during early ontogeny is 

therefore linked to steep increases in metabolic rate with body mass (e.g., Kamler, 1992; Sears 

et al., 2012), whereas slower, declining growth later in ontogeny is associated with shallower 

increases of metabolic rate with size (Riisgård, 1998; Glazier, 2005, 2014, 2022). The 

production of offspring in adults, on the other hand, may also lead to differences in slope b 

between sexes (Somjee et al., 2022). Although the overall energy contribution towards 
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reproduction (i.e., mating, egg production, etc.) has been shown to be similar between sexes 

(Parker et al., 2018), the energy invested by females in offspring production (e.g., egg 

production or brooding) can scale particularly steeply with body mass (Barneche et al., 2018). 

Despite the considerable contribution of growth and reproduction to energy expenditure of 

organisms (Marshall & White, 2019b), metabolism and biomass production are rarely studied 

simultaneously during ontogeny or in different sexes, hindering a mechanistic explanation of 

intraspecific variation in metabolic scaling.  

 

The cellular mode of growth (i.e., cell multiplication versus expansion) may underpin 

changes in biomass production by influencing either resource supply or cost per unit supply to 

cells, which is hypothesised to ultimately affect metabolic scaling (Kozłowski et al., 2003; 

Glazier, 2022b) (Fig. 4.1). Developing embryos generally grow by cell multiplication with 

reduction in cell size (Wesley et al., 2020), producing smaller cells with greater surface-area 

(SA) relative to body volume (V) or mass, which may underpin hyper-allometric increases in 

metabolic rate with body mass (b > 1; Oikawa et al., 1991; Rombough, 2006; Gaitán-Espitia et 

al., 2013). During postembryonic development, rapid, often exponential growth is generally 

associated with a greater contribution of cell multiplication relative to cell expansion (i.e., 

hypertrophy) (Goss, 1966; Alami-Durante et al., 1997; Arendt, 2000). Compared with growth 

by cell enlargement that reduces total cell SA/V ratio, multiplication of cells of similar size 

maintains total cell SA/V as organisms enlarge, hence enabling faster cell (and organismal) 

growth per unit resource supply to the cell exterior, which could explain metabolic rate 

increasing exponentially (i.e., isometrically with body mass; b = 1). Body shape change can 

also support fast growth during early ontogeny in some skin-breathing organisms that flatten 

or elongate as they grow, keeping high SA/V and hence resource supply (Glazier, et al., 2015). 

Conversely, declining growth later in ontogeny, generally by cell expansion (Goss, 1966; e.g., 

Higgins & Thorpe, 1990), implies a decrease in cell SA/V and greater intracellular transport of 

resources, associated with a declining cell and organismal growth rate per unit of resource 

supply, or greater cost of supplying sufficient resources to maintain a given growth rate. A 

deceleration in organism growth rate associated with a shift to relatively more cell expansion 

could therefore contribute to a deceleration in metabolic rate with body mass (b < 1) (Arendt, 

2007). Arguably, cell multiplication can increase intercellular (or extracellular) transport; yet 

the absolute intercellular transport will be also greater in large, adult individuals with similar 
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amount (yet larger size) of cells in comparison to small, juvenile organisms. After growth 

ceases (or is replaced by reproduction as a dominant energetic cost), the slope b can also vary 

between sexes due to differences in reproductive investment (Somjee et al., 2022). Females 

continue producing biomass as ovarian tissues and offspring, involving again increases in cell 

density during embryo formation (Fig. 4.1), which may elevate b in gravid individuals (Moffett 

et al., 2022). Therefore, I examine here the relationships among rates of biomass production 

and metabolic rate during juvenile ontogeny and reproduction, to see how they align with 

changes in cellular growth mechanisms. 

 

While the energetic costs involved in the bond formation of macromolecules seem 

largely invariant across life forms (ca. 0.08 Joules of metabolic energy are needed for 1 J of 

protein), the associated costs with building those macromolecules and assembling new tissues 

may vary among organisms (Wieser, 1994; Clarke, 2017, 2019). These associated costs of 

biosynthesis generally exceed by 3-fold the costs of bond formation, and comprise actions such 

as RNA processing or the transport of monomers from reserves to cells, and of ATP within 

these cells. Because biomass production entails many processes for which energy requirements 

are unknown, the cost of production can currently only be estimated empirically. This 

estimation is generally achieved by determining the relationship between the mass-specific 

rates of production (on the x-axis) and metabolism (on the y-axis) (both in energy units), and 

assuming that production costs are additional to other metabolic costs, such as body 

maintenance or routine activity (Rombough, 2011; Clarke, 2017). For instance, this 

relationship showed a slope of ~ 0.32 across a variety of ectotherms, indicating that in the 

synthesis of 1 J of new mass approximately 0.32 J of energy is dissipated as heat through 

respiration, so the total energy needed to produce that mass is 1.32 J (Wieser, 1994; Clarke, 

2017, 2019). 

 

Because the production of new mass involves the energetic demands of transporting 

materials within the organism, sustaining rapid growth might be less energetically costly during 

early ontogenetic phases than in late juveniles and adults, whose lower cell SA/V and longer 

intracellular transport distance in larger cells, may require more metabolic energy to achieve 

the same growth rate. Indeed, within early life-stages, the fastest growing phases exhibit 
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generally the lowest costs of growth (i.e., energy demands per unit of new tissue), as observed 

in insect larvae like caterpillars (Sears et al., 2012; Ferral et al., 2020). Likewise, the metabolic 

demand per unit growth in fast-growing fish larvae is lower than in larger, older juveniles 

(Kiørboe et al., 1987; Conceição et al., 1998), whereas these costs are sometimes unaltered 

with further increases in growth rate in larvae (Wieser, 1994; Rombough, 1994, 2011). 

Conversely, during metamorphosis in flatfish, growth rates are substantially reduced but 

energetic costs increase, whereas fish grow by cell expansion throughout this process (reviewed 

by Geffen et al., 2007). Sustaining high growth rates after post-larval ontogeny can therefore 

increase steeply the costs of growth, yet rapid growth can be crucial for fitness of young 

individuals, so they can overcome early mortality, mature, and reproduce sooner (Dmitriew, 

2011). 

 

The cost of offspring production in adults, on the other hand, may differ not with the 

mechanism of adult growth, but with mode of reproduction, as viviparity (embryos develop 

inside females body) entails greater energetic demands than oviparity (embryos develop 

externally inside eggs) (Angilletta & Sears, 2000). Whereas developing embryos require high 

resource supply from females that increases steeply as embryos grow, egg production is 

considered as the encapsulation and release of body reserves with low metabolic activity 

(Kooijman, 2010; Maino et al., 2017), and hence is much energetically cheaper than the 

production of embryos.  

 

The well-studied crustacean genus of Artemia provides an ideal model to explore the 

variation in metabolic rates with biomass production because (i) the cellular mode of growth 

changes from cell multiplication to cell differentiation and expansion during development 

(Manzanares et al., 1993; Freeman, 1986, 1995, 2005); (ii) mass-specific growth rates shift 

over ontogeny from increasing to then declining with body size (Evjemo & Olsen, 1999); (iii) 

reproductive investment differs between sexes, and (iv) females can switch from oviparity to 

ovoviviparity, producing either cysts or larvae during their lifetimes. This group comprises 

continuous filter-feeding species that inhabit salt marshes and lakes, where individuals 

experience major morphological and ecological changes during ontogeny (Provasoli & 

Shiraishi, 1959; Reeve, 1963; Gajardo & Beardmore, 2012). Larvae possess only one or two 

undeveloped segments at hatch, and start feeding using antennae (Barlow & Sleigh, 1980) 



68 

 

forming swarms near the surface, and are thus exposed to predators (Gulbrandsen, 2001). 

Throughout nineteen postembryonic stages, the remaining body segments and limbs develop 

and take over feeding (Schrehardt, 1987; Evjemo et al., 2000), whilst developed individuals 

migrate to deeper waters during daytime (Bradley & Forward, 1984; Britton et al., 1986). 

Moreover, to ensure offspring survival, females switch reproductive mode following 

environmental cues (Versichele & Sorgeloos, 1980; Gajardo & Beardmore, 2012). Under 

favourable conditions, fertilised eggs predominantly develop into swimming larvae; but under 

extreme conditions, early embryos are surrounded by a thick shell and enter a dormant state as 

a cyst that withstands such conditions (Stappen, 1966). Therefore, as in other organisms that 

live in changing environments, differences in metabolic costs of biomass production during 

development or between reproductive modes possess a high adaptative relevance in Artemia. 

 

Here, I investigate whether variation in biomass production rates and its associated 

costs during ontogeny and between sexes may lead to changes in metabolic scaling (Glazier, 

2005). Using a model crustacean, Artemia franciscana, I measure the rates of biomass 

production and metabolism at high resolution over ontogeny and between sexes. Specifically, 

I formulate two main hypotheses. First, the metabolic scaling of individuals growing 

exponentially during postembryonic ontogeny (i.e., larvae) may be steeper (higher b) than that 

of post-larval individuals, whose mass-specific growth and associated metabolic costs decline 

with body size (H1a). This change in slope b during ontogeny of A. franciscana may be 

associated with a shift from relatively fast but less energy expensive growth by cell 

multiplication during early ontogeny to slower but more costly growth involving relatively 

more cell differentiation and expansion as body structures develop. Consequently, I expect that 

the energy cost per Joule of new tissue produced may increase between early (larval) and later 

(post-larval) phases (H1b), as cell expansion in the latter should involve higher metabolic 

demands to supply and transport resources during growth. Second, I hypothesise that females 

possess steeper b than males, as the former develop eggs and offspring, whose energetic 

demands may increase steeply with body mass (H2a). Moreover, I expect that metabolic costs 

differ depending on reproductive mode, as producing larvae involves the high energy demands 

of developing embryos compared with releasing dormant cysts (H2b). My findings show a 

synchronous shift in metabolic and growth rates during ontogeny, where the cost of growth is 

higher after the juvenile phase than during the earlier larval and juvenile periods, as expected 



69 

 

from the ontogenetic change in cellular mechanisms of growth and their associated costs. I also 

find that females exhibit higher metabolic scaling slope b than males in single individuals (i.e. 

those not in a reproductive pairing), likely reflecting the steep mass-scaling of energetic 

demands from developing eggs and longer post-maturational growth. However, allometric 

slopes b in reproductive individuals are similar, suggesting that costs associated with 

reproduction, such as increased activity during mating as well as the ability to swift between 

reproductive modes with variable costs in females, may affect b similarly between sexes. 

Indeed, I finally show that the costs of offspring are dictated by larval production but not by 

cysts, revealing an energetic trade-off between reproductive modes. 

 

Figure 4.1. Schematic of the variation in metabolic scaling with body mass during ontogeny 

and between sexes. Steep, often hyper-allometric metabolic scaling (b ≥ 1; red) typically occurs 

during postembryonic ontogeny, and is thought to fuel rapid, accelerating growth rates with 

body size. Conversely, hypo-allometric scaling (low b < 1; purple) tends to occur later in 

ontogeny, when growth declines with body size in juveniles and adults. The cellular mode of 

growth is hypothesised to underpin this shift in metabolic scaling (Glazier, 2022b), by 

influencing either average resource-supply capacity per cell or cost per unit supply to cells, 

hence organismal growth. During postembryonic ontogeny, a greater contribution of cell 

multiplication relative to cell expansion facilitates maintaining total cell surface-area (SA) 

relative to body volume (V) and similar intracellular transport distances, keeping high resource 

supply to cell growth with increasing size, and may result in higher b than later in ontogeny 

(H1a). Later in ontogeny, by contrast, growth involves greater cell differentiation and 

expansion that leads to lower SA/V and longer intra-cellular transport distances, thereby either 

decreasing resource supply or potentially increasing costs of maintaining a given resource 

Figure 244.1     
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supply per cell V as cells and individuals enlarge (H1b). Among juveniles and adults, b may 

also differ between sexes due to the energetic costs of developing eggs in females, which are 

expected to increase steeply with body mass (H2a). Moreover, reproductive mode can 

influence offspring costs (H2b), as the increase of cell density in developing embryos 

(viviparity) would entail higher resource demands in gravid females than releasing eggs or 

cysts (oviparity). 

 

2. Material and Methods 

2.1. Animal rearing 

Batch cultures of Artemia franciscana were set up using decapsulated cysts collected 

from the Great Salt Lake (Utah, USA), provided by Waterlife ®. A total of ca. 3000 cysts were 

placed in 1L beakers containing artificial seawater with salinity 33 ppt (Tropic Marin® PRO-

REEF) at 26 ℃ and constant illumination. Experimental water was treated with pH buffer 

(Easy Life®) to maintain pH and alkalinity conditions over time in the cultures. Air stones in 

each beaker gently mixed and aerated the water. Experimental temperature was controlled 

using a water bath (Grant SUB Aqua 26) held within ± 0.2 ℃. After hatching (day 0), 600 

nauplii (stage 0 and 1) were transferred into separate 1L beakers (batch cultures). Animals were 

fed an algal blend for Artemia (RG Complete, Reef Nutrition ®) ad libitum, by supplying daily 

0.5 mL of blend mixed with 10 mL of water, such that a green colour was always sustained in 

the Cultures. Cultures were grouped into three phases following distinct periods in the 

ontogenetic development of A. franciscana (Weisz, 1946): (1) torathic phase (stages 0 to 11), 

when thoracic segments and their limbs are formed; (2) abdominal phase (stages 12 to 18), 

when abdominal segments and limbs are developed; and (3) post-larval phase (stage 19), when 

larval development is completed and individuals mature sexually. To keep water conditions 

and food concentration nearly constant (Evjemo & Olsen, 1999), culture densities were 

decreased to 0.3 individuals mL-1 when animals reached phase 2, and further reduced to 0.08 

– 0.1 ind. L-1 in phase 3. Water was replaced on day 3, 7 and 10 coinciding with the start of 

each culture dilution in phases 1 and 2, and then weekly during phase 3. Measurements of 

individual animals (described below) were taken from at least two different beakers in each of 

the three developmental phases, totalling 5 batch cultures from independent starts. 

 

Individuals were monitored for 1 to 5 days (depending on body size) to capture growth 

and development in animals of a wide size range, by using cylindrical cages made of plankton 
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net mesh, which floated in the cultures (Fig. 4.2A). These cages allowed water and food to 

move through the mesh but prevented individuals from escaping (see Appendix 4.1). Cage 

sizes were matched to accommodate the range of body sizes, ensuring that animals could swim 

and forage naturally during the monitoring periods. Body length and developmental stage were 

recorded before and after this period during which metabolic rates were measured; these 

animals were not returned to the culture so that each individual was measured only once. 

Development stage (from 1 to 19) was determined according to the method of Weisz (1946), 

using the number of mature segments and mobility of their limbs (Forster & Hirst, 2012). 

 

2.2. Growth rate 

Animals were photographed under a stereomicroscope for length measurements before 

and after the monitoring period using the Motic Images Plus 2.0 software. Body length was 

measured from the anterior tip of the head to the base of the caudal furcae (Reeve, 1963). 

Length measurements were then converted into dry mass using the empirical scaling equation 

between body length (mm) and dry body mass (μg) given in the Appendix. Similar to Forster 

& Hirst (2012), the potential breakpoints at which the relationship of length vs. mass might 

change over ontogeny were estimated using piece-wise regression analysis (Appendix 4.2). 

The specific growth rate of individuals (in d-1) was hence calculated as: 

𝑆𝐺𝑅 =
ln(m𝑡1) − ln(m𝑡0

)

𝑡1 − 𝑡0
, 

where m𝑡0
 and m𝑡 are the initial and final body mass (μg) of an individual before (𝑡0) and after 

the monitoring period (𝑡1). 

 

2.3. Metabolic rate 

Metabolic rate was measured as oxygen consumption per unit time, in μg O2 h
-1. All 

monitored individuals were fed at the same time of day and then fasted for 3 hours in beakers 

separated from the culture prior to measurements, thus reducing the influence of variation in 

food processing or digestion costs (Evjemo et al., 2000). All measurements were carried out 

from 13:00 to 15:00 pm. Since A. franciscana is a planktonic filter feeder that swims 

continuously in the water column, the metabolic rate measured here can be considered aerobic 
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energy expenditure during routine activity. Oxygen consumption was measured in a sealed 

glass microplate equipped with planar oxygen sensor spots with optical isolation on the bottom 

of wells (Loligo Systems ®), integrated with a fluorescence-based respirometry system (SDR 

SensorDish ® Reader, PreSens). Well volumes of 80 and 1700 mL were used for small (stage 

1 to 10) and large individuals (stage 11 to adults), respectively, to accommodate animals of 

different size. Single individuals were introduced into wells with air-saturated seawater, which 

were sealed afterwards using PCR film (Thermo Scientific ®), ensuring that no air bubbles 

were trapped in the wells. The preparation of the plate was conducted in the same temperature-

controlled room containing the cultures, and plates were then placed in the reader inside an 

incubator (JUMO Dtron 316, LEEC), keeping experimental temperature (26 °C) constant 

throughout. Prior to measurements, individuals were allowed to acclimatise to the wells for 10 

min. Oxygen concentration inside the wells was measured in the dark every 3 minutes for 10 – 

60 min depending on animal size. Oxygen consumption rate was estimated from the decrease 

in oxygen concentration during the time interval in which this decrease was linear. Four blank 

measurements (i.e., wells with only seawater and no animals) in each reading were used to 

control for oxygen diffusion from outside or background microbial respiration in experimental 

wells. 

 

2.4. Offspring production rate 

Mating adults form male-female pairs, in which males clasp females and swim together 

during reproduction (Tapia et al., 2015). These pairs generally last longer than the time needed 

for copulation (Wolfe, 1973). Single pairs of A. franciscana from 5 batch cultures were placed 

in 250 mL beakers to track offspring production (Browne & Wanigasekera, 2000) (Fig. 4.2B). 

Females in these pairs were already ovigerous, i.e., their broodsacs were visibly full of eggs. 

All experiments were maintained for a minimum of a week because this is the average time 

that females of A. franciscana remain with the same male (Rode et al., 2011). To account for 

variation in mating time and brood production among females (Browne et al., 1984), 

experiments were maintained until individuals of each pair were found swimming separately 

for more than a day. Experimental duration, however, showed no correlation with the number 

of cysts and larvae produced by females in these pairs (Pearson test, r = 0.17, 95% CI (-0.33, 

0.60), df = 15, p = 0.504). Water was changed once a week, though the time varied depending 

on when individuals of the pair were separated, thus avoiding any disturbance that might affect 

the mating process (Rode et al., 2011). Offspring production by females in these pairs, i.e., 
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cysts and larvae, were removed and counted when water was changed and at the end of each 

experiment. The metabolic rate of females and males from each pair was measured 

immediately afterwards. All females were developing new eggs in their brood sacs at the time 

of these measurements, and hence their metabolic rates reflect the demands of offspring 

production. Offspring count was converted into dry mass by assuming 3 μg per cyst or larvae 

based on empirical measurements (see Appendix 4.2), and the production rate was calculated 

as μg h-1. 

 

Figure 4.2. Schematic of the experimental design. Cultures of Artemia franciscana were kept 

in water-baths at 26 ± 0.2 ℃ and ad libitum food. Dashed lines indicate data collection events. 

(A) Growth and developmental rates were measured throughout the ontogeny of Artemia in the 

batch cultures. Individuals were introduced in cages of plankton mesh immersed in the culture 

water during a time interval. Mesh size of cages permitted free flow of water and food, allowing 

animals to swim naturally inside. Body length and developmental stage of these individuals 

were recorded before (t0) and after (t1) the monitoring period. (B) Male-female pairs were taken 

from main cultures and placed into separate beakers, where reproduction was monitored. Once 

mating was finished, offspring production (i.e., cysts and swimming larvae) was recorded, and 

body length of males and females from pairs were measured. After measurements in (A) and 

(B), and prior to measuring metabolic rates, all sampled individuals were fasted in separate 

beakers to reduce the energetic costs of food processing and digestion costs. Last, individual 

metabolic rates were measured in the respirometer placed in an incubator at experimental 

temperature in darkness. Body length was later converted into dry mass by the empirical length-

mass equation given in the Appendix 4.2.  

Figure 254.2 

                     

                

               

            
        

         

               

           

                  

           

                          

            

             

                

            

        

    

              

 

 

 

 

    

Figure 264.2. Schematic of the experimental design. Cultures of Artemia franciscana were kept in water-baths at 26 ±0.2 ℃ and ad libitum food. 
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2.5. Energy conversion of biomass production and metabolic rates  

Individual rates of growth in body mass (i.e., mass gain per unit time, in μg dry mass h-

1) and aerobic metabolism were converted to J g-1 dry mass h-1 by using respectively a factor 

of 22 kJ g-1 dry mass (Caudell & Conover, 2006) and a general oxyjoule equivalent of 14.14 J 

mg-1 O2 consumed (Elliot & Davison, 1975), suitable for herbivorous animals with 

carbohydrate-rich diets such as anostracans (e.g., Marchant, 1978; Glazier & Calow, 1992). A 

single mass-energy conversion factor was applied for all individuals because body composition 

shows little variation during ontogeny in Artemia, i.e., protein plus lipid proportion vary 

between 71-68% from larvae to adults (Léger et al., 1987), ranging 21-23 kJ g-1 dry mass in 

the population from the Great Salt Lake (Vanhaecke et al., 1982; Caudell & Conover, 2006). 

Offspring production was converted from dry mass into energy by using the same factor of 22 

kJ g-1 for larvae, and 23.5 kJ g-1 for cysts (Vanhaecke et al., 1982). Biomass production was 

equal to growth in body mass for single individuals, or to offspring production for reproductive 

females, as growth was expected to be negligible in reproductive individuals from mating pairs 

(see details in Appendix 4.3).  

 

2.6. Estimating metabolic costs of biomass production and maintenance metabolism 

The cost of biomass production, i.e., energy needed to synthesise a unit of body or 

offspring mass, can be estimated empirically using the relationship between the rates of 

metabolism and production, when both are expressed in energy units and on a mass-specific 

basis (Wieser, 1994; Clarke 2017, 2019): 

𝑅𝑔 =  𝑐 𝑃 [1] 

where 𝑅𝑔 is the metabolic energy dissipated during mass production, P is the energy deposited 

in new mass (both in J g-1 h-1), whilst 𝑐 is the slope of the relationship between 𝑅𝑔 and P, which 

is a dimensionless estimate of the cost of production. The value of c reflects the overhead 

energetic demands of building new mass, such as the associated costs of transport from reserves 

and within the cell (Risgaard, 1998; Wieser, 1994; Clarke, 2019). Importantly, this model relies 

on the assumption that the metabolic energy allocated to production (𝑅𝑔) is additional to that 

invested in body maintenance (𝑅𝑚, J g-1 h-1), i.e., the demands of non-growth, life-sustaining 
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functions. Summing both terms give the mass-specific metabolic rate (𝑅′) of inactive 

organisms (Rombough, 2011): 

𝑅′ =  𝑅𝑔 +  𝑅𝑚 [2] 

 

In agreement with current theory (Moses et al., 2008; Kooijman, 2010), this model also 

assumes that mass-specific maintenance 𝑅𝑚, remains constant over ontogeny, and hence that 

absolute maintenance demands increase isometrically with body mass (𝑅𝑚 × 𝑚1), and 

independently of production rate (Wieser, 1984; 1994; Clarke, 2019). Therefore, when 

energetic demands from other activities are negligible (e.g., foraging, food processing), both 

𝑅𝑔 and 𝑅′ would increase with 𝑃 by the same proportion and hence exhibit the same slope in 

this relationship, whereas the intercept term (i.e., 𝑅′ at 𝑃 = 0) in the former relationship may 

denote the non-growth metabolic demands (i.e., maintenance; Wieser, 1994). In pelagic 

continuous-feeding invertebrates such as Artemia, maintenance metabolism (𝑅𝑚) is 

complicated to quantify compared to other animals that are able to rest naturally or tolerate 

starvation (e.g., Jorgensen, 1988). I thus obtained the dimensionless cost of production (slopes 

c) from the relationship between the mass-specific rates of (non-feeding and low activity) 

routine metabolism 𝑅′ and production P.  

 

To complement the estimates of production costs, and compare with previous values in 

the literature, the overhead costs of production were also calculated as the net metabolic energy 

invested in biosynthesis per unit of mass production (i.e., 𝑅𝑔/𝑃, in J g-1 new mass). 

Maintenance metabolism (𝑅𝑚) was first obtained following Glazier et al. (2020), as the mass-

specific metabolic rate at the body mass at which growth is expected to cease (M). Firstly, 𝑀 

was estimated from the relationship between final (𝑡1) vs. initial (𝑡0) dry mass (both log10-

transformed), as the body mass at which 𝑚𝑡1 =  𝑚𝑡0. Given that A. franciscana exhibits a 

biphasic growth trajectory during ontogeny (Evjemo & Ojsen, 1999), only data on post-larval 

and non-reproductive individuals were used in these calculations, since specific growth rates 

decline with mass in these individuals. Second, the metabolic rate at this non-growing nor 

reproducing 𝑀 was obtained from the relationship between log10 metabolic rate vs. log10 body 

mass in the latter individuals, and then divided by 𝑀 to get 𝑅𝑚 (J g-1 body mass h-1). Absolute 

values of individual maintenance demands (J h-1) were calculated as 𝑅𝑚 𝑚 (see assumptions 
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above) and subtracted from routine metabolic rates (𝑅) of animals, thus yielding the net 

metabolic energy allocated to biosynthesis. The overhead costs of growth were finally obtained 

by dividing this fraction of metabolic rates (J h-1) by mass production rates (g h-1). 

 

Last, I investigated the alternative hypothesis that overhead costs of mass production 

remain invariant among individuals, regardless of ontogenetic phase or reproductive mode. 

Based on empirical estimates across ectotherms (Clarke, 2019), 𝑅𝑔 was first calculated from 

mass production rates using a fixed value of 𝑐 = 0.32 in eq. [1], and then individual 𝑅𝑚 values 

were obtained through eq. [2]. Contrary to my main premise, I here assumed that a constant 

fraction of routine metabolic rate is allocated to production. Thus, in contrast with current 

theory, I explore the possibility that mass-specific maintenance demands vary during ontogeny. 

I finally discuss the plausibility of this alternative assumption in the light of supporting 

evidence in the literature. 

 

2.7. Statistical analysis 

Statistical analyses were performed using R v. 4.2.0 (R Core Team, 2022). Data were 

log10 transformed to explore the allometric relationships between metabolism and body mass. 

The potential change in metabolic scaling slope during the ontogeny of A. franciscana (H1a) 

was investigated by a piece-wise regression model for the relationship between log10 metabolic 

rate and log10 body mass with package ‘segmented’ (Muggeo, 2008). This method firstly 

requires performing a generalised linear model, and a broken-line relationship is then added by 

re-fitting the overall model to account for a piece-wise linear relationship (Muggeo, 2008). 

This piece-wise regression was finally compared with the generalised linear model without 

breakpoints through Bayesian Information Criterion (BIC; Aho et al., 2014), where the best 

model to describe the metabolic scaling with body mass was that with the lowest BIC value 

(Gkioulekas & Papageorgiou, 2019). The starting breakpoint value in the latter model was 

selected by exploring visually the variables using ‘loess’ method in the package ggplot2 

(Wickham et al., 2016). 

 

Non-linear least squares models (NLS) were used to analyse the variation in specific 

growth rates and log10 body mass, as specific growth rates describe a concave (downward) 
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curve with body mass over ontogeny in A. franciscana (Evjemo & Olsen, 1999). The maximum 

specific growth rate over ontogeny was then estimated by function ‘optimize’ in R, which 

searches for the maximum value of specific growth rates in the NLS equation with respect to 

body mass (Brent, 1973). Second-, third-, and fourth-degree polynomial equations were fitted 

to specific growth rates vs. log10 body mass. As above, the best model to describe the growth 

trajectory over ontogeny in A. franciscana was chosen as that with the lowest BIC value. 

 

Ordinary least squares regressions (OLS) were used to analyse the mass-scaling of 

metabolic rates in adult individuals, as well as the mass-scaling of offspring production rates 

(all log10-transformed) of reproductive adults from sexual pairs. A further OLS was used to test 

whether the metabolic scaling slope differs between females and males (H2a), incorporating 

body mass, sex, and the interaction term between the latter variables in the model. 

 

The dimensionless costs of biomass production, i.e., the slope (c) of the relationship 

between the mass-specific rates of production, either in body mass or offspring, vs. metabolism 

(all in J g-1 h-1; Wieser, 1994; Clarke, 2019) were similarly calculated using OLS regressions. 

These models incorporated metabolic rates as dependent variable and either growth or 

offspring production as independent variable, since mass production dictates metabolic 

demands but not the opposite (Hatton et al., 2019), and thus higher production rates result in 

increased metabolic rates. The possible difference in the cost of growth between larvae and 

post-larval individuals (H1b) was analysed using an OLS model that incorporated mass-

specific growth rate, the ontogenetic phase (stages < 19, vs. stage 19 individuals), and the 

interaction term between them. I used a similar OLS model to test whether the cost of 

production in females varies following differences in reproductive mode (H2b), by 

incorporating mass-specific metabolic rate of reproductive females as dependent variable, and 

their mass-specific offspring production rate as well as the proportion of larvae produced (i.e., 

number of larvae per total offspring) as explanatory variables. Finally, to explore how 

production costs in these females differ between ovi- and ovoviviparous reproduction, the 

associated cost of each reproductive mode was analysed by separate regressions of either cysts 

or larvae production rate vs. mass-specific metabolic rate (in J g-1 h-1). 

 

Last, the differences in overhead costs of growth, i.e., the net metabolic energy needed 

per unit of mass production (J g-1), were investigated among the larval phase, post-larval phase, 
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and reproductive females. Comparisons between groups were performed using pairwise non-

parametric Wilcoxon tests, as these data were not normally distributed (Shapiro-Wilk test = 

0.35; p < 0.001). As above, OLS regressions were performed to estimate final mass (𝑀) and 

its expected metabolic rate, which was used to obtain mass-specific maintenance metabolism 

(see section 2.6). This approach (i.e., assuming invariant mass-specific maintenance) was then 

compared to the alternative assumption of constant cost of production, whereby differences in 

maintenance demands among ontogenetic phases and reproductive females were investigated 

using pair-wise t-test comparisons. 

 

3. Results 

3.1. Growth 

The rates of growth, development and metabolism were obtained for 103 individuals 

throughout the ontogeny of A. franciscana, from stage 1 nauplii to adults with body sizes 

spanning 2.62 orders of magnitude (3 – 1241 μg) (Table S4.1). The relationship between log10 

metabolic rate (𝑅, μg O2 h
-1) and log10 body mass (𝑚, μg) varied during ontogeny, as denoted 

by the piece-wise model, which showed better fit for these data than the non-segmented model 

(BIC: -205.41 and -96.83, respectively). This change in b was estimated to occur at a dry body 

mass of 55.73 (95% confidence intervals: 42.93, 72.35) μg, coinciding with the start of the 

post-larval phase (stage 19). According to the piecewise regression model (Fig. 4.3A), the 

ontogenetic metabolic scaling of A. franciscana could be hence described as: 

log10 𝑅 =  −2.12 + 1.36  (95% CI: 1.28, 1.43) log10𝑚, for individuals from 2.99 to 55.73 

μg, and 

log10 𝑅 =  −0.73 + 0.56  (95% CI: 0.48, 0.64) log10𝑚, for individuals larger than 55.73 μg 

 

The variation in specific growth rates (SGR, d-1) with log10 body mass over ontogeny 

was best described by a third-degree polynomial equation, based on the lowest BIC value 

(Table A4.2), as: 

𝑆𝐺𝑅 =  −0.52 + 1.59 log10𝑚 − 0.81 log10𝑚2 + 0.12 log10 log10𝑚3  
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Specific growth rates increased with body mass early in ontogeny, reaching maximum values 

at the end of larval development (maximum of 0.53 d-1), and then declining with mass as 

individuals become large adults (Fig. 4.3B). The maximum growth rate was estimated at a body 

mass of 24.15 μg, coinciding nearly with the end of juvenile development (after stage 17). The 

three smallest individuals in this experiment (2.99 – 3.50 μg) exhibited negative growth rates, 

corresponding to adjustments in yolk and structural mass that take place early in ontogeny of 

A. franciscana (Weisz, 1946; Barlow & Sleigh, 1980; see Appendix 4.2). 

 

The cost of growth (Fig. 4.3c), as reflected by the slope of the relationship between 

mass-specific rates of metabolism and growth, was c = 0.35, 95% CI (0.22, 0.47), when 

considering all individuals in the model (OLS: df = 101, t = 5.38, R2 = 0.22, p < 0.001). 

However, the cost of growth varied when developmental stage and its interaction term with 

growth rate were incorporated in the model (Table 4.1), showing a lower cost during larval 

development (c = 0.20 (0.05, 0.36)) than in post-larval individuals (c = 0.87 (0.68, 1.07)). 
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Figure 4.3. The relationship of metabolic and growth rates with body mass over the ontogeny 

of A. franciscana at 26 ℃: A, the mass-scaling of individual metabolic rates, showing the mass 

breakpoint (dotted line) where metabolic scaling shifts according to the piece-wise regression 

model, at a dry body mass of 55.73 μg. The slopes and 95% CI of scaling slopes b are indicated 

in the upper part of the panel. B, the variation in specific growth rates as log10 body size 

increases, which was best described by a third-degree polynomial regression. Dotted line shows 

the body mass at the estimated maximum specific growth rate in this regression. C, the 

relationship between mass-specific rates of metabolism and growth from larvae to adults, 

whose slope represents the metabolic cost of growth. Inset plot shows c values and 95% CI 

from OLS models using all data (black), only larvae and juveniles (i.e., stage < 19, orange), or 

pre-adults and adults (stage 19, purple). Developmental stages are coded through a colour 

gradient from red to purple, and point size in C denotes body mass (μg). Thick and dashed lines 

denote regression lines and 95% CI from models. 

   

                                          

Figure 284.3 Figure 274.3. The relationship of metabolic and growth rates with body mass over the ontogeny of A. franciscana at 26 ℃, showing the relationship between mass-specific rates of metabolism and growth. 



81 

 

Table 44.1. Results of the ordinary least squares model for the relationship between the mass-specific rates of metabolism and growth in A. franciscana, incorporating the ontogenetic phase and the interaction between the latter variables. 

Table 4.1. Results of the ordinary least squares (OLS) models for the relationship between the 

mass-specific rates of metabolism and growth (both in J g-1 h-1) of 103 individuals of A. 

franciscana, incorporating the ontogenetic phase (0 for larvae, 1 for post-larval individuals), 

and the interaction between the latter variables. Significant effects (p < 0.05) are shown in bold.  

 

 

3.2. Reproduction 

The metabolic rates and offspring production were obtained from 17 male-female pairs 

(Table S4.2). In these pairs, the difference in mass-scaling of metabolic rates was between 

males and females was not significant (b = 0.67, 95% CI (0.15, 1.19), vs. 0.76, (0.32, 1.20), 

respectively; Fig. 4.4A), as denoted by the interaction term between log10 body mass and sex 

(Table 4.2). Conversely, in younger, single individuals, the metabolic scaling with body mass 

did differ between females and males (Table 4.2), with females showing a steeper scaling slope 

(b = 0.61 (0.52, 0.69)) than males (b = 0.46 (0.35, 0.57)) (see Appendix 4.5). The mass-scaling 

of offspring production rate of these pairs was nearly isometric though with large confidence 

intervals for females (Fig. 4.4B), which was described as log10 offspring production =-2.64 + 

0.96 (0.30, 1.63) log10 body mass, (OLS: df = 15, t = 3.08, R2 = 0.35, p = 0.007). However, no 

relationship between offspring production and body mass was found for males (OLS: df = 15, 

t = 0.16, R2 = -0.06, p = 0.875). 

  

variable estimate 

Standard 

error t-value p R2 

Intercept 187.132 18.265 10.245 < 0.001 

0.41 
Growth rate 0.202 0.072 2.796 0.006 

Ontogenetic phase -75.801 25.799 -2.938 0.004 

Growth rate × Ontogenetic phase 0.674 0.130 5.182 < 0.001 
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Table 54.2. Results of the ordinary least squares models for the variation in metabolic rates of single and reproductive individuals as explained by body mass, sex, and the interaction between the latter variables. 

Table 4.2. Results of OLS models for the variation in log10 metabolic rates (in mg O2 h
-1) of 

single or reproductive adults as explained by log10 dry body mass (in μg), sex (0 for females, 1 

for males), and the interaction between the latter variables. Significant effects (p < 0.05) are 

shown in bold. 

 

I found no significant cost of total offspring production (i.e., combined cysts and larvae, 

in μg h-1) in reproductive females (OLS: df =15, t = 0.49, R2 = 0.12, p = 0.092) (Fig. 4.4C). 

However, accounting for the proportion of larvae produced per offspring enhanced 

substantially the variance explained by the latter model (R2 = 0.54), which also showed a 

significant cost of offspring production of c = 0.80 (0.04, 1.57) (Table 4.3), indicating that the 

reproductive mode of females influenced the demands of generating offspring. Indeed, while 

no significant cost was found for cyst production alone (OLS: df = 15, t = -0.78, R2 = -0.02, p 

= 0.447), larval production did show a significant metabolic cost in these females (OLS: df = 

15, t = 4.05, p = 0.001), yielding a relatively high value of c = 1.82 (0.86, 2.78) (Appendix 4.6). 

Finally, although the proportion of larvae per offspring generally decreased with female body 

size in females, no significant correlation was found between these variables (Pearson test, r = 

-0.41, 95% CI (-0.75, 0.08), df = 15, p = 0.094). 

 

Table 4.3. Results of OLS models for the relationship between the mass-specific rates of 

metabolism and offspring production (both in J g-1 h-1) in 17 females from mating pairs, 

accounting for the proportion of larvae produced per total offspring as an additional 

explanatory variable. Significant effects (p < 0.05) are shown in bold. 
Table 64.3. Results of the ordinary least squares model for the relationship between the mass-specific rates of metabolism and offspring production in reproductive females, incorporating the proportion of larvae produced as additional explanatory variable. 

 
variable estimate 

Standard 

error t-value p R2 

Single individuals Intercept -0.846 0.105 -8.097 < 0.001 

0.87 
n = 45 Body mass 0.606 0.041 14.722 < 0.001 

 Sex 0.362 0.165 2.195 0.034 

 Body mass × Sex -0.148 0.068 -2.192 0.034 

Mating individuals Intercept -1.308 0.657 -1.991 0.056 

0.60 
n = 34 Body mass 0.762 0.212 3.589 0.001 

 Sex 0.307 0.932 0.329 0.744 

 Body mass × Sex -0.088 0.320 -0.275 0.785 

variable estimate 

Standard 

error t-value p R2 

Intercept 64.426 17.383 3.706 0.002 

0.54 Offspring production rate 0.800 0.357 2.242 0.042 

Proportion of larvae  75.029 19.660 3.816 0.002 
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Figure 4.4. The relationship of metabolic and offspring production rates with body mass in 

reproductive individuals of A. franciscana at 26 ℃. A, the mass-scaling of metabolic rates of 

males and females in mating pairs. B, the mass-scaling of offspring production rates in males 

and females in these pairs. The slopes and 95% CI of mass-scaling relationships are indicated 

in the upper part of panels A and B, whereas grey lines denote a male-female pair. C, the 

relationship between mass-specific rates of metabolism and offspring production in 

reproductive females, whose slope represents the metabolic cost of offspring production. Inset 

plot shows slopes c and 95% CI from OLS models using overall offspring production after 

accounting for the proportion of offspring that are larvae (black), and using solely cysts 

(brown), or larvae production (blue). In A-B, point shape and colour indicate males (green 

squares) and females (blue triangles). In C, point size denotes body mass (μg), whereas colour 

gradient from brown to blue shows the proportion of larvae produced by females per total 

offspring. Thick and dashed lines denote regression lines and 95% CI from models. 

  

   

                     

                     

                     

Figure 304.4 Figure 294.4. The relationship of metabolic and offspring production rates with body mass in reproductive individuals of A. franciscana at 26 ℃, showing the relationship between mass-specific rates of metabolism and offspring production in females. 
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3.3. Expectations under constant vs. variable mass-specific maintenance costs 

Mass-specific maintenance metabolic rate was estimated as 0.007 μg O2 μg-1 body mass 

h-1 (or 100.31 J g-1 h-1), determined at a theoretical final mass (𝑀) of 1637 μg. By assuming 

that these maintenance demands are invariant among different-sized individuals, the overhead 

metabolic costs per unit of mass production averaged 25,222 J g-1, increasing from 2,902 to 

50,461 J g-1 through development The log10 costs of production (Fig. 4.5A) in post-larval 

individuals (stage 19) were significantly higher than those in larvae (W = 661, p < 0.001), 

though the costs of none of these groups differed from the costs in reproductive females (p > 

0.1). Five individuals were excluded from this analysis, due to either exhibiting negative 

growth rates (earliest larval stages; see section 3.1) or because metabolic rates fell below their 

expected maintenance demands (two adults). 

 

Conversely, by assuming a constant cost of production, the mass-specific maintenance 

demands averaged 167.79 J g-1 h-1 (range: 58.51 – 444.91 J g-1 h-1). The log10 maintenance 

metabolism (Fig. 4.5B) varied significantly among all studied groups, with post-larval 

individuals showing higher demands than larvae (t = -3.07, p = 0.003) and reproductive females 

(t = 6.66, p < 0.001). 
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Figure 4.5. The two assumptions addressed here to explain the variation in metabolic rates 

with body size of A. franciscana: if mass-specific maintenance demands (dashed line) remain 

constant with body size (A), then overhead costs of mass production vary between larvae, post-

larval individuals, and reproductive females (B); conversely,  if overhead energetic costs per 

unit mass production are constant across body sizes (C), then mass-specific rates of remaining 

metabolism (non-production, or ‘maintenance’) vary with body size, hence ontogenetic phase 

and reproductive females (D). In A and C panels, thick lines show the observed metabolic 

scaling in larvae, post-larval, single individuals (grey), and reproductive females (blue). 

Dashed line for maintenance in C was drawn using smoothing method ‘loess’ in ggplot2. In B 

and D, black squares denote the mean, the solid line within each box marks the median, box 

boundaries indicate 25th and 75th percentiles, and whiskers indicate the largest and smallest 

value within 1.5 times the interquartile range beyond either box boundary. Significant 

differences between groups of individuals growing (larvae and post-larval individuals) and 

producing offspring (reproductive females) are indicated by asterisks (i.e., ‘*’, p < 0.05; ‘****’, 

p < 0.0001; ‘ns’, p > 0.05). Point size and colours, as shown in Figs. 4.3–4.4.  

Figure 324.5 Figure 314.5. The two assumptions addressed in this chapter to explain the variation in metabolic rates with body size of A. franciscana, and the variation in either overhead costs of growth or maitnenance metabolism following these assumptions. 
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4. Discussion 

I found marked, parallel shifts in metabolic scaling and growth trajectory during the 

ontogeny of A. franciscana, which reflect a change in resource-supply rates and in the 

metabolic cost of growth between larvae and post-larval individuals (Fig. 4.3, Table 4.1). 

Moreover, single individuals showed sexual differences in metabolic scaling slopes (b) that 

may be underpinned by the steep mass-scaling of egg production and longer post-maturational 

growth in females; in contrast, slopes b were similar in those paired reproductive individuals 

(Table 4.2), likely due to the ability of females to switch between reproductive modes with 

different associated costs (Fig. 4.4; Table 4.3). I next discuss these findings in detail by 

addressing each of the hypotheses in this study. 

 

4.1. Metabolic scaling and growth trajectory shift during ontogeny in A. franciscana 

As expected from my first hypothesis (H1a), metabolic rates increased steeply with 

body mass during larval development (b = 1.36, 95% CI (1.28, 1.43)) while specific growth 

rates accelerated as these individuals enlarged and generated new body segments (Fig. 4.3A, 

B). Conversely, metabolic rates showed much shallower increases with body mass during post-

larval ontogeny (b = 0.56 (0.48, 0.64)), coinciding with a decline in specific growth rates. 

Similar biphasic patterns occur in many kinds of organisms, inhabiting both terrestrial 

(Czarnołeski et al., 2008; Gaitán-Espitia et al., 2013; Kutschera & Niklas, 2012; Hu, 2022) and 

aquatic realms (Risgaard, 1998). For instance, larval phases in fish and crustaceans are well-

known for exhibiting higher slopes b than later in ontogeny (Post & Lee, 1996; Killen et al., 

2007; Glazier et al., 2015), coinciding with exponential growth trajectories in these early life-

stages (e.g., Kamler, 1992). I here argue that the cellular mode of growth observed in Artemia 

(Freeman 1986, 2005; Manzanares et al., 1993) may facilitate the shift in resource-supply rates 

to growing cells, and hence overall metabolism and organismal growth during ontogeny  (Fig. 

4.1). Indeed, increasing cell density with body mass in larvae support the observed hyper-

allometric (b > 1) metabolic scaling early in ontogeny (Fig. 4.2A). During larval development, 

body segments and limbs elongate primarily by multiplication accompanied by reductions in 

cell size (Freeman, 1986; Manzanares et al., 1993), thus leading to high total cell surface-area 

(SA) to volume (V) ratios, which may enable exponential increases in supply rate with body 

mass (Kozłowski et al., 2003; Glazier, 2022b). In contrast, growth and maturation occurs by 

cell differentiation and expansion later in ontogeny (Freeman, 2005), presumably decreasing 
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cell SA/V and increasing intracellular transport distances (Glazier, 2022b). This reduced cell 

SA/V might slow down resource-supply rates per volume of cell, hence potentially contributing 

to much shallower increases of rates of metabolism and mass gain as individuals enlarge during 

post-larval ontogeny. Additionally, an increasing proportion of metabolically inert reserves 

(e.g., lipids) in larger cells may reduce mass-specific energy demand in post-larval animals, 

contributing to a decrease in b (Glazier, 2022b). Intracellular reserves can be crucial in 

organisms such as Artemia, whose simple hepatopancreas impedes long-term nutrient storage 

(Freeman, 2005). Other reductions in energy demands during post-larval ontogeny may arise 

from increased proportions of inert cuticle in larger Artemia (Criel & Macrae, 2002; reviewed 

more broadly in Glazier, 2022b), and possibly from the lower demands required by larger cells 

to maintain ion gradients across cell membranes (Davison, 1955; Kozlowski et al., 2003). 

 

In addition to cell-size effects, other ontogenetic changes in body shape and structure 

may influence resource supply rates in Artemia. Like other aquatic skin-breathers (Glazier et 

al., 2015), A. franciscana grows mainly by elongation during early stages, (i.e., small increases 

in body mass 𝑚 with body length 𝐿; 𝑚 ∝ 𝐿~2), whereas growth gradually becomes isomorphic 

(𝑚 ∝ 𝐿~3) later in ontogeny (see Appendix 4.2). Such shape shifting maintain high body SA 

and so resource supply (and waste removal) in larvae (Hirst et al., 2014; Glazier et al., 2015), 

whereas later isomorphic growth in larger organisms decreases body SA/V and so supply rates 

through the cuticle. Moreover, as occurs in other arthropods such as copepods or krill (Fusco 

& Minelli, 2021), Artemia develop almost all body segments after hatching (i.e., 

anamorphosis), and with them thoracopods and filtering setae that gradually improve resource 

uptake efficiency (Schrehardt, 1987). Concomitantly, the heart enlarges and develops within 

these new segments, enhancing internal transport to body tissues (Spicer, 1994). Such an 

increase in oxygen and food supply rates with size during larval development may thus lead to 

high metabolic scaling slope and exponential growth, as similarly noted in copepod nauplii and 

fish larvae (Giguère et al., 1988; Glazier et al., 2015). Conversely, during post-larval ontogeny, 

resource supply capacity might be more influenced by SA-related processes with increasing 

body size because body shape and structure remain similar, and hence resulting in low 

metabolic scaling slope b and declining mass-specific growth rate (Post & Lee, 1996; Glazier 

et al., 2015; Glazier, 2022b). Notably, within the same order as Artemia (Branchipoda), 

cladocerans develop all segments during embryogenesis (i.e., epimorphosis), and, in contrast 
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with the biphasic metabolic scaling observed in A. franciscana and copepods, cladocerans 

exhibit a rather constant, nearly isometric metabolic scaling throughout ontogeny regardless 

food or temperature conditions (b = 0.83 – 0. 95; Glazier & Calow, 1992; Fossen et al., 2019). 

Therefore, one may expect biphasic metabolic scaling (high to low b) in arthropods with high 

levels of anamorphosis (e.g., anostracans, copepods, krill) with stark changes in resource-

supply rates between larval vs. post-larval ontogeny, though these shifts might not occur in 

epimorphic organisms (e.g., cladocerans, peracarids) (Fusco & Minelli, 2021). 

 

4.2. The overhead costs of growth change between ontogenetic phases 

The average cost of growth across individuals, i.e., the slope between mass-specific 

metabolic and growth rates, was 0.35 (J J-1). In other words, 0.35 J of metabolic energy are 

needed to produce 1 J of new body mass in A. franciscana (Fig. 4.3C). This value is close to 

the costs reported among ectotherm species (c = 0.32; Wieser, 1994; Clarke, 2019), and falls 

within the range observed for single species (c = 0.12 – 1.39; Riisgård, 1998; Clarke, 2017). 

Consistent with my prediction (H1b), I found a lower cost of growth during larval development 

(c = 0.20, 95% CI (0.05, 0.36)) than in post-larval individuals (c = 0.87 (0.68, 1.07)). This 

finding challenges the current view that steep metabolic scaling early in ontogeny may result 

solely from greater energetic demands of rapid, accelerating growth (Riisgård, 1998; Glazier, 

2022b). Instead, the lowest costs of growth have been reported in early, fastest-growing life 

stages of animals (e.g., Wieser, 1994; Pace & Manahan, 2007), and are particularly low in 

insect larvae (Sears et al., 2012; Ferral et al., 2020). Effectively, a plateau of minimum growth 

costs of c ≈ 0.2 (or ~5000 J g-1 dry mass) has been observed in the youngest individuals with 

highest growth rates, which sometimes show no extra costs with additional increases in growth 

rate (Wieser, 1994; Rombough, 2011). This value (i.e., 0.2 J J-1) has also proved to be consistent 

for both protein synthesis in cultured fish cells and rapidly growing fish larvae (c ≈ 0.24; Smith 

& Ottema, 2006). The low cost of growth found here in A. franciscana during larval 

development (c = 0.20) adds to this body of evidence. 

 

It has been hypothesised that size-selective predation pressures favour higher growth 

rates, hence resource-supply capacity and metabolic rates in small, young individuals (Glazier, 

2005; Glazier et al., 2015). While the ultimate causes of this rapid and energetically efficient 

growth early in ontogeny appear seemingly clear, the proximate mechanisms by which this is 
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achieved are not (Rombough, 2011). I argue that cell-size as well as whole-body shape and 

structure changes can contribute to the increase in growth costs and growth deceleration 

between early and late ontogenetic phases. Selection may facilitate rapid and accelerating 

organismal growth to a size at which mortality is reduced (Dmitriew, 2011) via cell 

multiplication, which is relatively fast per unit resource (or less costly per unit growth; see 

Goss, 1966) due to high cell SA/V and small intracellular transport distance. In zooplankton 

such as Artemia, the survival of larvae forming swarms near the water surface may indeed be 

favoured by rapid, low-cost growth during larval development (Gulbrandsen, 2001). This 

ontogenetic phase ends with the requirement for differentiation to enable a physiology suitable 

for changes in ecological niche associated with larger body sizes and for supporting future 

reproduction. Differentiation and mature structures entail high proportions of cell expansion 

(Arendt, 2000; Takatsuka & Umeda, 2014), which can be more energetically expensive per 

unit growth (or slower per unit resource input) than multiplication, due to reduced SA/V and 

larger intracellular transport distance as individuals enlarge. For example, during the ontogeny 

of Artemia and other crustaceans, increasing cell surface during cell differentiation and 

expansion involves large amounts of resources to produce proteins and phospholipids needed 

for biosynthesis of new plasma membrane (Freeman, 2005). Effectively, the youngest post-

larval individuals in this study exhibited among the fastest mass-specific growth but also the 

highest metabolic rates during ontogeny (Fig. 4.3C), supporting the high costs associated with 

maturing structures. Instead of a single driver for the variation in growth costs during ontogeny 

(i.e., cellular growth or predation pressure), selection on growth trajectory and cell-size shifts 

might be evolutionarily co-adjusted to optimise survival of young individuals and ensure sexual 

maturity. 

 

4.3. Differences in metabolic scaling between sexes 

According to my second hypothesis (H2a), I found support for steep mass-scaling of 

offspring production rates (and so egg development rates; b = 0.96 (0.30,1.36); note the large 

CIs), though the metabolic scaling slope (b) of gravid females was not significantly steeper 

than that of males from sexual pairs (Fig. 4.4A, B), contrary to expectation. Indeed, the slopes 

b were statistically different only between single males and females (b = 0.46 vs. 0.61, 

respectively; p = 0.034), but not between reproductive adults (b = 0.67 vs. 0.76; p = 0.785). In 

single individuals, the steep mass-scaling of egg development as well as the longer post-

maturational growth compared to males (Appendix 4.5) may lead altogether to steepen b in 
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females (Glazier, 2015). Interestingly, the opposite pattern to the observed here in Artemia has 

been recently seen in mosquitofish Gambusia affinis (Moffett et al., 2022), in which gravid 

females showed significantly steeper b than reproductive males, whereas b was similar between 

sexes in virgin fish. Differences in the mating process and its associated activity demands 

between mosquitofish (i.e., brief courting and chasing; Hughes, 1985) and A. franciscana (i.e., 

long periods of clasping and fertilisation), but also the ability of Artemia females to switch 

between reproductive modes and so change offspring production costs (discussed below), may 

explain to some extent the contrasting findings between these species. Complementarily, 

according to Glazier (2022b), a greater contribution of muscular demands to metabolism during 

mating might lead to higher b in reproductive individuals, given that muscle tissue is formed 

of elongated cells with high SA/V. In Artemia, muscular costs might be especially high and so 

increase b in reproductive males, due to the costs of hypertrophic clasping antennae and 

increased swimming activity during mating process, since they act as pacemakers for the pair 

(Lent, 1977). In any case, the underlying causes of sexual differences in metabolic scaling are 

still largely unexplored, which will likely provide new, fruitful research avenues (Somje et al., 

2022). 

 

4.4. The costs of offspring production vary with reproductive mode 

The costs of offspring production increased with the proportion of larvae produced (Fig. 

4.4C; Table 4.3), as predicted by the steep increase in cell density of developing embryos and 

so their aerobic demands on gravid females (H2b). These results are in line with DEB theory 

(Kooijman, 2010), which predicts that metabolic rate increases only slightly with mass in eggs 

because of the low requirements of energy reserves, whereas embryos developing body 

structures require steep increases in respiration as they grow (Maino et al., 2017). Indeed, while 

higher rates of cyst production showed no additional respiratory costs in females (Appendix 

4.6), higher rates of larval production, in which embryos develop to gastrulation (i.e., rapid cell 

multiplication and size reduction; Crie & Macrae, 2002) and generate body structures inside 

brood sacs, resulted in steep increases in metabolic rates in females (c = 1.83). In contrast, 

embryo development is arrested at early gastrula states to produce cysts in Artemia, and despite 

containing a higher density of energy reserves than larvae (Vanhaeckeet al., 1982), cysts are 

metabolically inactive (Crie & Macrae, 2002). Moreover, differences in reproductive mode 

among females seem to be genetically determined, whereby more heterozygous individuals 

tend to produce cysts predominantly (Gajardo & Beardmore, 1989). Given the stark differences 
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in energy costs between producing swimming larvae versus dormant and resilient cysts, the 

variation in reproductive mode (ovi- vs. ovoviviparity) among Artemia females may have a 

high adaptive importance to cope with changing conditions in their ephemeral habitats. 

 

After accounting for the contribution of reproductive modes, the costs of biomass 

production were similar among reproductive females and post-larval individuals (c = 0.80 vs. 

0.87 respectively; Fig. 4.3C vs. 4.4C), reflecting a common cost after larval development. 

Interestingly, the cost of offspring production observed in Artemia was much higher than that 

of egg production observed in the copepod Acartia tonsa (c = 0.19; Kiørboe et al., 1985), which 

is close to the minimum energetic cost of synthesis (Wieser 1994). In a more detailed 

comparison, I found that the cost in A. tonsa and that of a mainly oviparous female of A. 

franciscana (99.99% cysts per total offspring) were similar (3,981 vs. 4,346 J g-1, respectively), 

whereas the cost was 7-fold higher (30,262 J g-1) in a mainly ovoviviparous female (80.12% 

larvae per total offspring). This difference of energetic costs between reproductive modes 

might be a widespread phenomenon across animals (Moffett et al., 2022). For instance, two 

closely related species of lizards (genus Sceloporus) with different reproductive modes exhibit 

strikingly different costs of litter production. Whereas for the oviparous species (S. undulatus) 

larger litter sizes involved no extra costs among gravid females (Angilletta & Sears, 2000), in 

the viviparous species (S. jarrovi) the costs of litter production for females increased by 4.16 J 

h-1 per neonate produced (Beuchat & Vleck, 1990). Moreover, the increase in metabolic rate 

of females in the viviparous lizard was higher than that expected by solely adding the 

respiration of embryos. As suggested above for the costs of growth, this additional cost of litter 

production in females may reflect the greater energetic demands of supplying a given rate of 

resource in large animals (i.e., lower cell SA/V and longer transport distances) to fuel biomass 

production via rapidly growing body tissues or embryos. 

 

4.5. Exploring alternative explanations of metabolic scaling under constant vs. variable 

mass-specific maintenance costs 

I here quantified the energetic costs of production in A. franciscana using a widely used 

additive model (i.e., metabolic activities cause proportional increases in total metabolism; 

Wieser, 1989), where mass-specific maintenance costs are assumed constant with body mass 

(Moses et al., 2008; Kooijman, 2010). After removing maintenance costs from metabolic rates 
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through this approach (Fig. 4.5A), the estimates of overhead costs of production, i.e., the energy 

needed for producing new mass (J g-1), supported the predicted ontogenetic changes in the 

dimensionless costs of growth: individuals undergoing larval development exhibited lower 

growth costs than post-larval animals (Median = 10,314 vs. 21,437 J g-1, respectively). In 

reproductive females, on the other hand, the cost of offspring production was close to growth 

costs of post-larval animals (Median = 19,077 J g-1), again indicating that similar production 

costs are shared among large individuals. Last, I found further support for this way of 

estimating maintenance metabolism. Specifically, the estimated value of maintenance 

metabolism using final mass 𝑀 (100.3 J g-1 h-1), was within the range of the predicted metabolic 

rates by linear models at zero growth (168.9, 95% CI (140.82, 197.07) J g-1 h-1; Fig. 4.3C) or 

zero offspring production (64.43 (27.14, 101.71) J g-1 h-1; Fig. 4.4C). Similar maintenance 

demands (89 – 117 J g-1 h-1) were observed in other anostracan species, Daphnia magna, 

whereas these costs remained similar over ontogeny (Glazier & Calow, 1992; calculations in 

Wieser, 1994). 

 

Yet, this additive model of energy allocation may be challenged when energetic trade-

offs between biomass production and other activities are considered (Wieser, 1994; Rombough, 

2011). If the cost of biomass production is constant, higher growth rates and hence energy 

demands could be supported by reducing the costs of other activities, such as maintenance or 

activity. Here, by adopting the alternative assumption of invariant cost of production, I found 

that estimated mass-specific maintenance costs during larval development were significantly 

lower than in post-larval individuals (Fig. 4.5B). For the reasons mentioned above (e.g., higher 

filtering efficiencies, greater proportions of body reserves or lower demands of ion regulation), 

it seems unlikely that post-larval individuals possess higher maintenance costs than larvae 

within Artemia ontogeny. Instead, mass-specific maintenance costs might decrease between 

larvae and post-larvae (i.e., b < 1 for metabolism excluding production costs); in such a case, 

the differences in the overhead cost of growth between larvae and post-larvae could be even 

larger that the conservative difference presented here. 

 

The mechanism underlying changes in metabolic scaling with increasing body mass 

during ontogeny possibly results from a combination of the two models discussed here, i.e., 
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growth and other activities such as body maintenance or activity are co-adjusted to account for 

their changing costs during ontogeny. This metabolic co-adjustment may explain why rapid-

growing larvae can increase growth rates with no further increases in metabolic rate (Wieser, 

1994; Rombough, 2011), or how, within the same population, some individuals can sustain 

rapid growth rates at a lower energetic cost (Bayne, 2000). Although challenging, metabolic 

costs of growth and maintenance need to be partitioned to obtain accurate estimates of biomass 

production costs (Smith & Ottema, 2006; Rombough, 2011; Ferral et al., 2020), but also to 

understand the underlying mechanism(s) behind metabolic scaling shifts during ontogeny 
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Chapter 5: General discussion 

 
 
 
 
 
 
 
 
 

               A Canary damsel (Similiparma lurida) guarding its house 
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General discussion 

 

Metabolism supports all vital processes, and hence metabolic rate can inform about the 

pace at which organisms experience life (Glazier, 2005, 2014). Metabolic rate is linked to body 

size by a myriad of organismal traits and biological processes (Kozłowski et al., 2020; Glazier, 

2022a). Among these processes, a major fraction of metabolic energy is required to produce 

new biomass (i.e., growth and reproduction), which influences fitness by determining the speed 

and size at which organisms mature as well as their offspring production (Dmitriew, 2011). 

Hence, understanding how and why the relationship between metabolic rate and body mass 

exhibits such a wide variation across and within taxa (e.g., Peters, 1983; DeLong et al., 2010; 

Killen et al., 2010; Tan et al., 2019), and how this relationship is influenced by environment 

and physiology (e.g., Glazier, 2008, 2009c; Ohlberger et al., 2012) is important to much of 

ecology. In this thesis, I investigated the influence of different ecological and organismal 

factors on the mass-scaling of metabolic rates in a diverse array of ectothermic animals 

occurring in extremely different environments, from deserts to the sea bottom.  

 

Using a meta-analytic approach as well as laboratory experiments, I tested several 

current hypotheses that aim to explain metabolic scaling across different levels of biological 

organisation, performing interspecific (i.e., changes across species) and intraspecific (i.e., 

within-species) comparisons. My findings both challenge and support influential hypotheses, 

particularly predictions that underpin the ‘metabolic theory of ecology’ (MTE; West et al., 

1997, 1999; Brown et al., 2004) and those arising from the ‘metabolic-level boundaries 

hypothesis’ (MLBH; Glazier, 2005, 2010, 2014, 2020). To explain the variation in metabolic 

scaling slopes observed here, I combined different perspectives, including the influence of both 

extrinsic (temperature) and intrinsic factors (activity, biomass production) in the energy 

expenditure of organisms. Complementarily, I emphasised the role of evolutionarily adaptive 

mechanisms to protect aerobic scope (Atkinson et al., 2006, 2022) as an alternative explanation 

to limitations in resource-supply capacity (e.g., Brown et al., 2004; reviewed in Glazier, 2005, 

2022), and developed new hypotheses of synergistic mechanisms acting on ectotherms’ 

metabolism. In this final chapter I will discuss the variation shown here both across and within 

species: first, the contrasting changes in intraspecific metabolic scaling between water- and air-

breathing ectothermic vertebrates (Chapter 2); second, the variation in interspecific metabolic 

scaling among teleost fishes according to differences in fitness-related processes as growth and 
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self-maintenance (Chapter 3); last, the changes in biomass production and metabolic rates 

during ontogeny and between sexes in a model crustacean (Chapter 4). Furthermore, I will 

explore new hypotheses and reflections that emerged during the research conducted in this 

thesis. 

 

1. The intraspecific variation in metabolic scaling within ectothermic vertebrates 

In chapter 2, I investigated the effects of temperature and activity level on intraspecific 

metabolic scaling relationships in a wide range of ectothermic vertebrates, including teleost 

and cartilaginous fish, amphibians, and reptiles. Specifically, I tested the predictions from the 

MLBH that the relative influence of surface-area (SA) and volume (V) related processes 

dictates the relationship between the metabolic scaling slopes (b) and metabolic level (L), when 

environmental temperature or activity level of organisms increase. The decline in slopes b with 

temperature-increased L seen only in water-breathing species (i.e., fish) supported the MLBH 

prediction that the influence of SA-related processes on resting or routine metabolism may 

become predominant with warming (Glazier, 2005, 2010, 2020). Conversely, the predicted 

increase in slope b with activity-increased L by the MLBH was only consistent in air-breathing 

species (i.e., herptiles), indicating that volume-related influences from high muscular demands 

might not be sufficient to explain the variation observed in fish at different activity levels. The 

contrasting relationship between slopes b and metabolic level in air- and water-breathing 

ectothermic vertebrates may be explained by the stark differences in costs of moving dense and 

viscous water over respiratory exchange surfaces to meet increased oxygen demand in water-

breathers, compared with the lower costs of increasing ventilation in air-breathers (Atkinson et 

al., 2022). Instead of a direct effect of hypoxia on individuals (Pauly & Cheung, 2018; 

Rubalcaba et al., 2020), the mass-scaling of metabolic rates in fish may have evolved adaptive, 

plastic responses arising from selection on their ancestors to cope with warming periods and 

events of increased activity demands (Verberk et al., 2021). Such plastic responses might act 

as a mechanism to avoid oxygen shortage in large individuals (Atkinson et al., 2006, 2022), so 

that an aerobic margin can be preserved for other activities (e.g., digestion, fighting diseases, 

mating; see Jutfelt et al., 2018). To test this hypothesis, further comparative studies and 

experiments should investigate how different energy allocation strategies may arise to 

maximise fitness when organisms live under particular thermal conditions and activity 

requirements (e.g., changes in growth trajectory, reproductive investment or adult body size). 

In this regard, long-term selection experiments and transgenerational designs (e.g., Wootton et 
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al., 2022), measuring both biomass production (i.e., growth and reproduction) and metabolic 

expenditure will help to understand the extent to which benign, realistic changes of temperature 

or activity affect mass-scaling of metabolic rates. This knowledge will help to predict how 

energy use during ontogeny may change in wild populations under a scenario of global 

warming (e.g., Lindmark et al., 2018; Moffett et al., 2018). 

 

Furthermore, to disentangle whether changes in metabolic scaling have evolved as 

mechanisms to avoid oxygen shortage, future research would benefit from phylogenetically 

controlled investigations of a broader range of taxa (e.g., Leiva et al., 2019, for thermal 

tolerance). Specifically, analyses should focus on clades comprising both water- and air-

breathing species that share common features (e.g., circulatory system, respiratory organs, 

body shape), which ultimately enable the comparison among taxa in which different respiration 

modes have evolved independently. The investigation of respiratory systems and evolved 

responses will be more meaningful when comparisons are made between more closely related 

species (Perry et al., 2019). Taxonomic groups comprising terrestrial, semi-aquatic and fully 

aquatic lineages are therefore of special interest here, such as Vertebrata (e.g., teleosts, 

lungfishes, amphibians), Conchifera (e.g., cephalopods, bivalves, gastropods), Isopoda (e.g., 

species of woodlouse and within Suborder Asellota), or Oligochaeta (e.g., tubificids, pot 

worms, earthworms). Indeed, as I found here for ectothermic vertebrates, contrasting thermal 

responses of metabolic scaling were observed between two species of oligochaetes with 

different respiration mode (Lee, 2021). However, a general mechanism to explain such 

variation in metabolic scaling may still be elusive due to the stark variation in (i) life-history 

strategies, such as semelparity or iteroparity (Glazier, 2015; Tan et al., 2019); (ii) breathing 

mechanisms, such as branchial or cutaneous respiration (Hsia et al., 2013; Perry et al., 2019); 

(iii) thermal adaptations, such as cold-induced diapause or estivation (e.g., Marshall & 

McQuaid, 2011; Young et al., 2011; Li et al., 2022); (iv) cell-size effects on oxygen-supply 

capacity (Verberk et al., 2022); (v) and behavioural activity related to lifestyle, e.g., benthic 

organisms being able to rest whereas pelagic organisms need to maintain buoyancy in the water 

column (Glazier, 2006, 2020). Incorporating these organismal traits in models to explain 

intraspecific metabolic scaling will improve our understanding of how different mechanisms 

to overcome oxygen shortage may have evolved in animals; additionally, such models will 

determine which taxa could be more vulnerable or resilient to environmental changes.  
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2. The interspecific variation in metabolic scaling and growth rates among teleost fish 

In Chapter 3, I explored the variation in ontogenetic mass-scaling of metabolic rates 

and growth rates across a diverse array of teleost fish species. The negative relationship I 

observed between metabolic scaling slopes (b) and maximum growth rates (i.e., a standard 

measure to compare growth between species; Pauly, 2010) suggests that, since mass-specific 

growth rates typically decline over fish ontogeny, a greater contribution of growth demands to 

resting or routine metabolism leads to lower slopes b. These results support the argument that 

energetic demands of whole-body processes such as growth or maintenance may underpin 

differences in b between species (Glazier, 2005, 2015), an idea recently termed the ‘growth-

scaling hypothesis’ (GSH; Tan et al., 2019). Indeed, maximum growth rate showed to be a 

better predictor of slopes b in these species than environmental temperature, metabolic level, 

or mass-scaling of gill surface-area. These results indicate that the GSH can provide an 

alternative explanation of the variation in ontogenetic metabolic scaling to the surface area-

related constraints or influences on resource supply posited by the MLBH (Glazier, 2005, 2010, 

2014). Following the GSH, the same mechanism, i.e. growth demands dictating mass-scaling 

of metabolic rates in rapidly-growing species, may be applicable to other taxa. In terrestrial 

ectotherms, for instance, active foragers and predators such as theridiid spiders and some boid 

snakes generally exhibit faster growth rates and shallower metabolic scaling slopes b than more 

sluggish and slow-growing counterparts (Glazier, 2009b). Further research will determine 

whether growth is also an important determinant of metabolic scaling among spiders or snakes.  

 

Furthermore, I was able to partition metabolic costs of teleost species during growth 

into overhead costs of growth and maintenance demands, estimated using the Ontogenetic 

Growth Model (OGM) framework (Moses et al., 2008; Barneche & Allen, 2018). After 

accounting for body mass at maximum growth rate, I found that overhead costs of growth and 

maintenance demands increase similarly among species adapted to different temperatures, 

suggesting that the relative contribution of growth to metabolism remains similar across species 

occurring from polar to tropical climates. Maintenance metabolism, on the other hand, was 

relatively higher for pelagic fishes than for demersal and benthopelagic species, which may 

reflect the increased energetic requirements to support greater locomotory capacities in athletic 

fish, even at rest (Killen et al., 2010, 2016). Remarkably, the net growth efficiency (i.e., energy 

gain per assimilated energy) exhibited a relatively small variation among these species and 

barely decreased with temperature. Growth efficiencies were also largely independent of body 
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size, lifestyle, and phylogeny, revealing that growth efficiency is relatively conserved across 

species over evolution (Burger et al., 2021; Brandl et al., 2023). Overall, these results highlight 

that systematic differences in slopes b seen in teleost fish are not random deviations from a 

‘universal’ scaling law, but can arise from different growth rates and maintenance requirements 

among species (Glazier, 2005, 2015; Killen et al., 2010; Tan et al., 2019). Therefore, 

overlooking this variation in quantitative models of fish energetics may yield unrealistic 

predictions of resource demand across species. 

 

Since the relationship between metabolic rates and body mass of growing animals 

reflects how energy use changes during ontogeny, hypotheses on how energy trade-offs vary 

among teleost species (Sibly et al., 2015) and more broadly among animals (Harrison, 2017; 

Harrison et al., 2022), would benefit from investigating how fitness-related traits (e.g., body 

size, biomass production, self-maintenance, mortality) relate to different patterns of metabolic 

scaling. Recently, White et al. (2022) presented a model positing that mass-scaling of metabolic 

rates results from evolutionary optimization of fitness-related traits, namely growth, 

reproduction, and longevity. According to the predictions of this model, they showed that 

metabolic scaling slopes (b) tend to decrease with growth performance but increase with 

reproductive output for a diverse set of animals including 12 phyla. Such promising models 

will contribute to understanding of the ultimate (i.e., evolutionary) causes of variation in 

metabolic scaling. 

 

3. Metabolic scaling and biomass production during ontogeny and between sexes in a 

model crustacean 

In contrast to the multi-species comparisons of metabolic scaling and growth in 

Chapters 2 and 3, in Chapter 4 I used a single model crustacean species, Artemia franciscana, 

to investigate how the rate of biomass production and its associated costs align with the 

variation in metabolic scaling during ontogeny and between sexes. I discussed these 

relationships through the perspective of the cellular mode of growth seen in this species, 

dominated by cell multiplication early in ontogeny (i.e., embryo and first larval stages) and 

subsequently by cell expansion (Freeman, 1986, 1995, 2005). Such change in average cell size 

during organismal growth may influence either resource-supply capacity per cell or the costs 

of achieving a given rate of supply to cells, and ultimately the costs of production. My findings 
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showed parallel shifts in metabolic scaling and growth trajectory during ontogeny indicating 

that growth and metabolism are strongly linked in this species by the overhead costs of growth. 

In contrast with the general view of increased growth demands related to rapid mass-specific 

growth rates early in ontogeny (Riisgård, 1998; Glazier, 2022b), the cost per unit growth during 

larval development was lower than in post-larval individuals, which may reflect the shift in 

cellular mode of growth in these organisms. These results agree with the relatively low cost of 

growth during larval phases in other animal groups such as fish (reviewed in Wieser, 1994; and 

Rombough, 2011) or insects (e.g., Sears et al., 2012; Ferral et al., 2020). 

 

More comprehensive, meta-analytic approaches using available data from various taxa 

may help to understand the generality of these changes in costs of growth during ontogeny of 

diverse life forms (reviewed in Wieser, 1994; and Rombough, 2011). However, laboratory 

experiments are needed to determine the mechanisms by which growth costs are reduced during 

the fastest growing phases of early life, and specifically, whether this may be explained by 

enhanced resource-supply into cells with high ratios of surface-area to volume (Kozłowski et 

al., 2003; Czarnołeski et al., 2008; Glazier, 2022b) and through other exchange surfaces (e.g., 

gills or integument; Glazier et al., 2015), or from shorter transport distances within organisms 

(Glazier, 2022b). Although methodologically challenging, further experimental designs will 

shed light on how biosynthesis costs are related to metabolic scaling patterns by analysing 

simultaneously how growth, metabolism, and cellular growth change with organismal size 

(Cadart & Heald, 2022). For instance, a quantitative experiment recently showed the linkages 

between cell size, body mass, growth, and metabolism in the planarian Schmidtea mediterranea 

(Thommen et al., 2019), demonstrating that the increase in average cell size by larger 

intracellular reserves accounted for the ¾ power mass-scaling of metabolic rates in this eutelic 

species. 

 

Moreover, this chapter showed a difference in metabolic scaling slope (b) between 

males and females, though such difference was only found in single (i.e., isolated, and non-

reproductive) individuals but not in reproductive animals after mating. This contrasting results 

between single and reproductive individuals may arise from the increasing demands of egg 

formation prior to mating and longer post-maturational growth in Artemia females, which could 

together combine to steepen b (Glazier, 2015; Moffett et al., 2022). Conversely, the costs of 

reproduction and their mass-scaling of males and females may converge in reproductive 
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individuals due to the increased activity of both sexes required during mating, but also because 

females are able to switch between reproductive modes and so change offspring production 

costs. In effect, I found that the cost of producing offspring in A. franciscana was determined 

by the amount of larvae produced, relative to the amount of cysts, which cost less to produce. 

This finding supports the prediction from the Dynamic Energy Budget theory that developing 

eggs (here, cysts, which are mainly reserves) cost less energy to produce than embryos (i.e., 

rapidly growing structure) (Maino et al., 2017), which are supplied by gravid females. Overall, 

these results show that metabolic scaling not only varies between sexes, but also depends on 

reproductive state, although the possible causes of this variation remain under debate (Somjee 

et al., 2022). 

 

Comprehensive models aiming to discern general patterns of metabolic scaling between 

sexes may still be hindered by the very few studies on this topic (reviewed in Somjee et al., 

2022). For this purpose, future research on intraspecific metabolic scaling should, when 

possible, explore differences between sexes and report mass-scaling slopes (b) separately for 

females and males. Moreover, the emphasis should be placed on organismal costs that can 

contribute to change the mass-scaling of energetic demands between sexes (reviewed in 

Moffett et al., 2022; and in Somjee et al., 2022), such as variation in (i) post-maturational 

growth (Glazier, 2015) and thus body size between sexes (i.e., sexual size dimorphism); (ii) 

reproductive mode, since increasing offspring production with female size entails greater costs 

in viviparous but not in oviparous species (e.g., Angilletta & Sears, 2000; Timmerman & 

Chapman, 2003; Moffett et al., 2022); and (iii) mating, especially when this process involves 

developing and maintaining exaggerated, sexually selected structures (e.g., weapons; Somjee 

et al., 2018) or require different activity between sexes (e.g., courtship or mate guarding; 

Somjee et al., 2022). 

 

4. Conclusions 

Overall, this thesis supports growing evidence against a general mass-scaling of 

metabolic rates among all lifeforms, and demonstrates systematic variation in metabolic scaling 

following changes in environmental temperature, activity level and biomass production. My 

findings contrast with the classical view of universal scaling ‘laws’, either across or within 

species (West et al., 1997, 1999; Brown et al., 2004; Moses et al., 2008), indicating that 
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deviations from the proposed central scaling values can be biologically meaningful and not just 

statistical artifacts (Killen et al., 2010; Glazier, 2022a). I showed that responses of metabolic 

scaling to factors affecting metabolic demand (temperature, activity) differ between closely-

related taxa with different respiration modes, which may reveal adaptive mechanisms to protect 

aerobic scope in water-breathers (Atkinson et al., 2006, 2022), meriting further research in a 

broader range of taxa. Moreover, I showed that interspecific differences in ontogenetic 

metabolic scaling are negatively related to maximum growth rates among teleost fishes, 

suggesting that variation in energy allocation among fitness-related processes, such as growth 

and self-maintenance, may influence scaling slopes of species, instead of the proposed surface-

area influences on oxygen supply. Using a model crustacean, I also demonstrated that shifts in 

metabolic scaling during ontogeny and differences between sexes align with biomass 

production and its energetic costs (Wieser, 1984; Riisgård, 1998; Glazier, 2005, 2022b), 

pointing to the role of cell-size influences on the costs of resource supply. Hence, this thesis 

combined various perspectives within the theoretical framework of metabolic scaling in 

animals, emphasizing evolutionary adaptations, plastic responses, and energetic costs of 

different activities (growth, maintenance, ventilation, and reproduction, including embryo and 

cyst production). The findings in this thesis will hopefully help improve quantitative models 

that predict changes in energy use with body size, accounting for adaptive responses to extrinsic 

as well as intrinsic factors. Such a multi-mechanistic perspective, as highlighted by Glazier 

(2014, 2022a), is crucial for a comprehensive understanding of the mechanism(s) underpinning 

metabolic scaling, but also to make accurate predictions in an uncertain scenario of global 

change. 
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Supplementary data 

The data supporting the analyses within this thesis are available via Google Drive using the 

following link: 

https://drive.google.com/drive/folders/1yaK9S2PDD9z8bqOBTHSNNavuVtQX09zS?usp=sh

are_link 

 

Table S2.1. Metabolic rate-body mass scaling relationships performed at various temperatures 

from experiments in ectothermic vertebrates at low activity. 

Table S2.2. Metabolic rate-body mass scaling relationships performed at various temperatures 

from experiments in ectothermic vertebrates at different activity levels. 

Table S3.1. Data on metabolic scaling, growth, lifestyle, climate zone, and mass-scaling of gill 

surface-area of the teleost species studied in Chapter 3.  

Table S4.1. Data collected in Chapter 4 for individuals of Artemia franciscana at different 

points of the ontogeny, including body mass, developmental stage, metabolic rate, specific 

growth rate, growth rate (i.e., absolute increase in body mass per unit time), and sex (in post-

larval individuals). 

Table S4.2. Data collected in Chapter 4 for reproductive individuals of A. franciscana after 

reproduction experiments, including body mass, metabolic rate, offspring production rate (i.e., 

total, cysts or larvae mass produced per unit time), as well as the proportion of offspring that 

were larvae. 

  

https://drive.google.com/drive/folders/1yaK9S2PDD9z8bqOBTHSNNavuVtQX09zS?usp=share_link
https://drive.google.com/drive/folders/1yaK9S2PDD9z8bqOBTHSNNavuVtQX09zS?usp=share_link
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Appendix 

 

A2. Appendix for Chapter 2 

Combining theoretical approaches to understanding the intraspecific variation in 

metabolic scaling: Responses to temperature and activity differ between water- and air-

breathing ectothermic vertebrates 

 

This file includes: 

A2.1. Data comparability between datasets of water- and air-breathers 

A2.2. Checking the potential influence of acclimation period on metabolic scaling 

A2.3. Controlling for the effect of body mass on metabolic level in the models 

A2.4. Description of Bayesian models 

A2.5. Phylogenetic trees used in the models 

A2.6. Temperature correction of metabolic level in Figures 2.3-2.4 

 

A2.1. Data comparability between datasets of water- and air-breathers 

I checked for differences between datasets for air- and water-breathing species in (1) 

the ranges of body mass covered by scaling regressions and (2) the increases in metabolic levels 

(L) with either temperature (Table S2.1) or locomotory activity (Table S2.2). These two factors 

could influence the relationship between the slope b and L (Glazier, 2020). I observed that 

regressions compiled for water- and air-breathing species measured similar ranges of body 

mass in my datasets (Fig. A2.1A, B), covering generally from 0.5 to 2.5 orders of magnitude 

(mean 1.4 – 1.5). Most of regressions in the datasets of water- and air-breathers (range 62.8 – 

76.9%) covered mass ranges of ≥1 order of magnitude. Moreover, the increases in metabolic 

level (L) by only changing temperature (Fig. A2.1C) or activity level (Fig. A2.1D) were similar 

between water- and air-breathing species, mostly below 1 mg O2 g
-1 h-1, though slightly higher 

for activity-increased L in air-breathers. This difference is partially due to almost all 

experiments in air-breathers covering from minimal to maximal L, but also because of the 

higher aerobic scopes of these species (0.34 vs 1.35 mg O2 g
-1 h-1). 
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Figure A2.1. The ranges of body mass covered by scaling regressions and the increases in 

metabolic level (Δ L, as log10) measured by experiments of water- (blue) and air-breathing 

(green) species. Upper panels show regressions measured (A) in low-activity animals 

acclimatised at various temperatures, and (B) in animals at various activity levels. The lower 

panels show experiments where L was exclusively increased by (C) temperature or (D) activity. 

The solid line within each box marks the median, box boundaries indicate 25th and 75th 

percentiles, and whiskers indicate the largest and smallest value within 1.5 times the 

interquartile range beyond either box boundary. Shading around boxes show kernel densities. 

The number of regressions (A, B) or experiments (C, D) is indicated below each box. Dashed 

lines denote a reference value of one order of magnitude in A and B, and the increase of 1 mg 

O2 g
-1 h-1 in metabolic level in C and D. 
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A2.2. Checking the potential influence of acclimation period on metabolic scaling 

Acclimation periods in experiments that measured metabolic scaling of inactive 

animals at various temperatures (Table S2.1) were, overall, longer in water-breathers than in 

air-breathers (Fig. A2.2A). From the studies that reported acclimation times (86.0% in water- 

and 78.9% in air-breathers), the average acclimation duration in experiments of water- and air-

breathers was respectively ca. 362.6 and 89.5 hours, with 92.3% and 53.3% of the experiments 

lasting ≥ 24 hours. This difference between water- and air-breathers may be due to the lower 

effect of acclimation duration on metabolic rates in terrestrial ectotherms (Seebacher et al., 

2015), and thus experiments in air-breathing ectotherms in my data, almost all terrestrial, would 

not require acclimation periods as long as in water-breathers. If the duration of the acclimation 

period influenced the strength of the temperature response, I would expect that longer 

acclimation periods would let animals stabilise their metabolism better at experimental 

temperatures, thus leading to smaller variation in b among temperature conditions within 

experiments. However, the acclimation duration showed no trend with the amount of variation 

(i.e., standard deviation) of slopes b within experiments (Fig. A2.2B). This suggests that the 

duration of the acclimation period had no obvious influence on the differences in metabolic 

scaling observed in this paper. 

 

While the ideal dataset for this study would consist of metabolic scaling experiments 

on animals growing from eggs in laboratory conditions at constant temperatures, this type of 

experiments is unfortunately very scarce in the literature. Indeed, I might expect differences in 

metabolic rates due to organismal growth after a period at a given temperature, but this thermal 

effect would be less likely to be detected in short-term experiments. Yet, physiological changes 

during acclimation are associated with rapid changes in growth metabolism, i.e., an increased 

temperature can cause immediate increases in growth rate, though these effects are usually 

difficult to detect in short-term experiments (Parry, 1983). Acclimation within individuals 

occurs through rapid signalling systems such as thyroid or growth hormone (Little et al., 2013), 

whose levels increase with warming, and this is, in turn, generally associated with increased 

growth rates within the benign thermal range of species (Deane & Woo, 2009). Acclimation 

temperature can first act as a seasonal cue, making individuals adjust their growth metabolism 

accordingly, activating hormonal production and accelerating metabolic rates as temperatures 

get closer to those experienced during the growing season (see Table 4 in Parry, 1983; Deane 

& Woo, 2009). For most experiments included in my analyses, I therefore expect that 
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temperature-dependent growth overheads contributed importantly to the metabolic rate of 

individuals.  

 

Figure A2.2. The mean duration of the acclimation period (as log10 (acclimation time + 1), to 

include no acclimation) from experiments that measured metabolic scaling in inactive animals 

acclimatised at various temperatures (A), and the comparison between the acclimation duration 

and the standard deviation of the slopes b within these experiments (B). The acclimation period 

was not specified in some studies, and thus those experiments are not shown here. Symbols as 

in Fig. A2.1.  
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A2.3. Controlling for the effect of body mass on metabolic level in the models 

Metabolic level (L) generally decreases with increasing body mass (see discussion in 

Glazier, 2008), which may hinder tests of the relationship between slopes b and L due to 

increasing temperature or activity level. In my models, the inverse relationship between L and 

mass was controlled by incorporating as a random effect the experiment from which a set of 

scaling regressions was produced, as regressions within an experiment generally measure 

similar body mass ranges. Moreover, to cope with the variation in L between regressions from 

the same experiment due to slight differences in body mass range, I further excluded 

regressions whose geometric mass-midpoints were too dissimilar to the rest of the set from an 

experiment, i.e., differing > 0.5 orders of magnitude. By doing this, I was able to minimise the 

effect of body mass on metabolism, ensuring that most of the variation in L within experiments 

was due to changes in either temperature or activity level (Fig. A2.3). 

 

 

Figure A2.3. The relationship between the log10 metabolic level (L) and the log10 geometric 

midpoint of the body mass ranges covered by scaling regressions. Left panels show 

measurements in inactive animals of water- (A) and air-breathing (B) species, where lines join 
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measurements made at different temperatures of single experiments in the same species. Right 

panels show values for animals under different activity levels and temperatures of water- (C) 

and air-breathing (D) species, where lines join experiments made at a single temperature and 

species. Since L values were estimated at a similar point in ontogeny (i.e., geometric mass 

midpoints) between regressions from the same experiment, the differences in L within 

experiments (vertical variation of joined points) was mainly due to changes in temperature or 

activity level, and not to differences in body mass. 
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A2.4. Description of Bayesian models 

A2.4.1. Model fitting: 

I fitted models in a Bayesian phylogenetic multilevel framework using the package 

‘brms’ (Burkner, 2017, 2019) in R version 4.0.2 (R Core Team, 2022). I used Student’s t 

distribution to describe the slopes b because this is robust against outliers (Gelman & Hill, 

2006; see example in ecology in Roycroft et al., 2020). To analyse the effect of temperature-

increased metabolic level (L) on the scaling slope b, and whether this effect differs between 

water and air-breathing species, I fitted a model using data from Table S2.1, defined as: 

𝑏ijk~Student′s t(ν, μijk, σ), 

μijk = β0 + β𝐿 log10 𝐿ijk +  βggk +  β𝐿g log10 𝐿ijk gk + ϕ0j + ϕ𝐿j log10 𝐿ijk + ψk, 

(
ϕ0j

ϕ𝐿j
) ~N(𝟎, 𝐕), 

𝛙~N(𝟎, σ
species

2 𝐊), 

where 𝑏ijk is the ith slope b estimate from the jth experiment on the kth species, 

Student′s 𝑡(ν, μ, σ) is a non-standardized Student’s t distribution with degrees of freedom ν, 

location μ and scale σ (Jackman, 2006), β0 is the global intercept parameter, β𝐿 is the global 

effect of log10 L, βg is the effect of the animal group (air- or water-breather), β𝐿g is the effect 

of the interaction between log10 L and group, 𝐿ijk is the metabolic level for the ith slope estimate 

from the jth experiment on the kth species, gk is an indicator variable representing the group 

for the kth species: 

gk = {
1, if organism is water-breather,

0, if organism is air-breather.
  

The random factor of experiments was defined by the group-level intercept ϕ0j and coefficient 

ϕ𝐿j for the jth experiment, assumed to come from a bivariate normal distribution N(𝟎, 𝐕) with 

mean vector 𝟎 and covariance matrix 𝐕, which is parameterized as a correlation matrix Ω and 

a vector of standard deviations 𝛔
experiment through: 

 𝐕 = D(𝛔
experiment

)ΩD(𝛔
experiment

), 

where D(𝛔
experiment

) denotes the diagonal matrix with elements (
σϕ0j

0

0 σϕ𝐿j

) The random factor 

of phylogeny was defined as the effect ψk of the kth species, with the vector of these effects 𝛙 
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drawn from a multivariate normal distribution with mean vector 𝟎 and covariance σspecies
2 𝐊, 

where 𝐊 is a known correlation matrix representing phylogenetic effects. 

 

To analyse the effect of activity-increased L on the slope b, I fitted a similar model to 

the above, but including experimental temperature (in ℃) as an additional covariate. The effect 

of temperature was included because temperature and activity level are expected to show 

opposite effects on b by the MLBH (see Fig. 2.1). The linear predictor was defined as: 

μijk = β0 + β𝐿 log10 𝐿ijk + βggk +  β𝐿g log10 𝐿ijk gk + βTTijk +  ϕ0j + ϕ𝐿j log10 𝐿ijk +  ψk, 

where βT is the effect of experimental temperature, and Tijk is the experimental temperature 

for the ith slope estimate from the jth experiment on the kth species. 

 

A2.4.2. Selection of priors 

I used a mix of weakly informative and informative priors. For models analysing the 

effect of temperature-increased metabolic level (L) on the slope b, I used an empirical estimate 

observed between species for the coefficient of metabolic level (see Killen et al., 2010). The 

prior of β𝐿was thus defined as: 

β𝐿~𝑁(−0.1, 0.5) 

For the overall intercept (β0), which correspond to a high L (when log10 L = 0, L = 1 

mg O2 g
-1 h-1), I used the MLBH prediction, that the slope b approaches 2/3 at high L with 

warming (Glazier, 2010), defined as: 

β0~𝑁(0.67, 0.5) 

For models analysing the effect of activity-increased L, I used the opposite effect of that 

estimated by temperature-increased L following the MLBH predictions (Fig. 2.1), and hence: 

β𝐿~𝑁(0.1, 0.5) 

For the overall intercept, I followed the MLBH prediction that the slope b approaches 1 at high 

activity levels and so high L (at L = 1 mg O2 g
-1 h-1), and thus: 
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β0~𝑁(1, 0.5) 

For the remaining model parameters, I set weakly informative priors as follows: 

βg~𝑁(0, 1), 

β𝐿g~𝑁(0, 1), 

βT~𝑁(0, 1), 

σ~half Student′s 𝑡(3, 0, 2.5), 

σϕ0j
~half Student′s 𝑡(3, 0, 2.5), 

σϕLj
~half Student′s 𝑡(3, 0, 2.5), 

Ω ~LKJ(𝜁), 

σ
species ~half Student′s 𝑡(3, 0, 2.5), 

ν~left truncated Gamma(2, 0.1, 1), 

where half Student′s 𝑡(⋅) is the positive half of the Student’s t distribution, LKJ is the LKJ 

correlation prior with shape parameter ζ = 1 (Lewandowski et al., 2009; Burkner, 2017), 

left truncated Gamma(α, β, 1) is a gamma distribution with shape parameter 𝛼 and inverse 

scale parameter β, left-truncated at 1. Note that left-truncation of the prior for the degrees of 

freedom at 1 ensures that the mean but not necessarily the variance of each 𝑏ijk exists. 

 

A2.4.3. Model performance 

To assess the performance of the latter models, I checked whether I could recover 

known parameter values with simulated data. I first generated 10 simulated data sets with the 

same structure as the real data (Table S2.1) with posterior mean parameter values from the 

temperature-effect model. Then, I fitted the latter model to the simulated data sets. For all 

parameters in this model, posterior values were clearly centred on the true parameter values 

(Fig. A2.4).  
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Figure A2.4. The posterior estimates of parameters in the temperature-effect model, fitted to 

10 simulated data sets with the same structure as the real data, generated using posterior mean 

parameter values. Abbreviations of model parameters are b_intercept for β0, b_log10_L for β𝐿, 

b_groupwaterMbreather for βg, b_log10_L:groupwaterMbreather for β𝐿g, sigma for σ, nu for 

ν, sd_experiment_Intercept for ϕ0j, sd_experiment_log10_L for ϕ𝐿j, 

cor_experiment_Intercept_log10_L for Ω, and sd_phylo_Intercept for ψk. 
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A2.5. Phylogenetic trees used in the models 

I used package ‘rotl’ (Michonneau et al., 2016) to search and match the species names 

in the Open Tree of Life (OTL, https://tree.opentreeoflife.org), which were used to build the 

phylogenetic trees (Fig. A2.5). I then calculated the variance-covariance matrices of species 

incorporated as a random effect in the models using package ‘ape’ (Paradis & Schliep, 2019). 

Following Grafen’s method (Grafen, 1989), branch lengths of phylogenetic trees were set equal 

to the number of descendant branch tips minus one. 
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Figure A2.5. Phylogenetic trees built using ‘rotl’ package for the species included in Table S2.1 (A) and S2.2 (B). Water-breathing species (i.e., 

elasmobranchs and teleost fish) are coloured in blue, whereas air-breathing species (i.e., reptiles and amphibians) are indicated in green. Species 

names showed here were first checked with Open Tree of Life (OTL, https://tree.opentreeoflife.org) using the same R package. One polytomy, 

present in both trees, was resolved using function multi2di in the package ‘ape’ (Paradis & Schliep, 2019). 
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A2.6. Temperature correction of metabolic level in Figures 2.3-2.4 

To compare visually between activity-increased metabolic levels (L) at various 

temperatures in Figure 2.3 and 2.4 in the main text, I adjusted L values to a common temperature 

of 20 ℃, which was approximately the mean experimental temperature across all the compiled 

metabolic regressions in Table S2.2. Following Killen et al. (2010), the Q10 value (0 – 30 ℃) 

for L was estimated from the relationship between log10 L and temperature in ℃ using the 

equation: 

(𝑅30 𝑅0⁄ )(10 (30−0)⁄ ), 

where R30 and R0 are metabolic rates at 30 and 0 ℃ estimated from the fit of separate linear 

mixed-effects models for water- and air-breathing species using package lmerTest (Kuznetsova 

et al., 2017) in R. The latter models used L measurements of inactive animals acclimatised at 

various temperatures (Table S2.1) and these temperatures (in ℃) as the only predictor. To 

account for different experimental conditions, I incorporated the experiments from which each 

set of measurements was produced as a random effect in these models. I obtained a similar 

temperature effect on log10 L for water- and air-breathers through these models (estimate = 

0.036 and 0.035, respectively; both p < 0.001), from which I estimated a Q10 of 2.30 and 2.25, 

respectively. 
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A3. Appendix for Chapter 3 

Understanding the adaptive significance of metabolic scaling: interspecific variation in 

mass-scaling slopes may reflect different growth demands among teleost fish 

 

The following appendix contains supplementary information on: 

A3.1. Derivation of the von Bertalanffy growth model (VBG) 

A3.2. Checking temperatures recorded in growth and metabolic data 

A3.3. Estimation of ontogenetic body mass covered by metabolic scaling relationships 

A3.4. Results of Ordinary Least Squares (OLS) models and model selection to explain the 

interspecific variation in metabolic scaling slopes 

A3.5. Phylogenetic tree of the sampled species and results of the Phylogenetic Generalised 

Least Squares (PGLS) models 
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A3.1. Derivation of the von Bertalanffy growth model (VBG) 

The classical VBG equation describes fish growth in the form: 

𝑙(𝑡) = 𝐿∞(1 − 𝑒−𝐾(𝑡−𝑡0)) = 𝐿∞ (1 − (1 − 
𝑙0

𝐿∞
) 𝑒−𝐾𝑡) , [S1] 

where l(t) is the predicted mean length of fish at age t, t0 is the theoretical age at length zero, 𝑙0 

is length at time 0, L∞ is their mean final or asymptotic length (i.e. the length at an infinitely old 

age), and K is a factor of dimensions time -1 (e.g., d-1) by which l(t) approaches L∞. The length-

based VBG expression (eq. [S1], in cm) can be then transformed in mass (g) through length-

weight relationships of the form (von Bertalanffy, 1938): 

𝑚 =  𝑎𝐿𝑙𝑏𝐿 , [S2] 

where 𝑎𝐿 (g cm-bL) and 𝑏𝐿 (dimensionless) are the scaling coefficient and exponent that describe 

the change in body shape over ontogeny. Following the derivations in Barneche & Allen (2018), 

by using the parameters in the length-weight relationship (eq. [S2]) the mass-based VBG can 

be described as: 

𝑚(𝑡) =  𝑎𝐿  (𝐿∞ (1 − (1 − 
𝑙0

𝐿∞
)  𝑒−𝐾𝑡  ))

𝑏𝐿

 =  𝑀∞ (1 −  (1 −  (
𝑚0 

𝑀∞
)

1 𝑏𝐿⁄

) 𝑒−𝐾𝑡)

𝑏𝐿

 [S3] 

Growth in body mass, 𝑑𝑚 𝑑𝑡⁄ , can be obtained by the first derivative of the latter equation: 

𝑑𝑚

𝑑𝑡
=  𝑏𝐿𝐾𝑀 ( 1 −  (

𝑚0

𝑀∞
)

1 𝑏𝐿⁄

  ) 𝑒−𝐾𝑡   (1 −  (1 − (
𝑚0

𝑀∞
)

1 𝑏⁄ 𝐿

) 𝑒−𝐾𝑡 )

𝑏𝐿−1 

[S4] 

Finally, the mass-based version of the VBG results from combining eq. [S4] and [S5]: 

𝑑𝑚

𝑑𝑡
=  𝑏𝐿𝐾𝑀∞

1 𝑏𝐿⁄ 𝑚 
𝑏𝐿−1

𝑏𝐿
 
− 𝑏𝐿𝐾𝑚 [S5] 

which describes the ontogenetic growth trajectory of a species. This equation (eq. [S5]) can be 

used to calculate the maximum growth rate (𝑔𝑚𝑎𝑥, g d-1) of a species from the body mass at 

which maximum growth rate is achieved (𝑚𝑔𝑚𝑎𝑥, g) (see eq. [9] in the main tex). For the case 

where 𝛼 = 𝑏𝐿𝐾𝑀∞
1 𝑏𝐿⁄

, 𝛽 = 𝑏𝐿𝐾, ℎ =  
𝑏𝐿−1

𝑏𝐿
= 1 −

1

𝑏𝐿
 , and 𝑐 =  1, then yields eq. [6] in the 

main text: 
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𝑑𝑚

𝑑𝑡
= 𝛼𝑚ℎ − 𝛽𝑚𝑐 [S6] 

Furthermore, eq. [S6] provides a bridge between the VBG and the Ontogenetic Growth Model 

(Moses et al., 2008; Barneche & Allen, 2018). However, whereas ℎ is typically 2/3 in the VBG 

for organisms with isomorphic growth (i.e., whose 𝑏𝐿 = 3), ℎ in the OGM represents the mass-

scaling exponent of metabolic rates, which is assumed to be b = 3/4 (West et al., 1997, 2001). 

This study, in contrast, uses actual b values from species-specific metabolic scaling 

relationships (see 2.2 in Material & Methods). In any case, as explained in the main text (section 

2.3), the calculations of 𝑚𝑔𝑚𝑎𝑥 and 𝑔𝑚𝑎𝑥 are expected to be almost identical if length-based 

data from FishBase are used following the VBG (i.e., ℎ = 2/3) or the present approach (ℎ =

𝑏), which allows the use of these data to compare growth and metabolic rates among the species 

compiled here. 
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A3.2. Checking temperatures recorded in growth and metabolic data 

For the species compiled in this study, the mean temperatures recorded in FishBase for 

growth data and measurement temperatures from metabolic studies were highly correlated 

[Pearson correlation, r = 0.83, 95% CI (0.74, 0.89), df = 74, p < 0.001]. One temperature record 

of T = 20 ℃ corresponding to the polar species Electrona antarctica was not included here 

because this likely corresponds to an error, as this temperature value is remarkably higher than 

the thermal range for this species (-0.2 – 1.2°C; www.fishbase.org). Hence, no temperature 

correction was made to link the estimated growth and metabolic rates of these species. The 

measurement temperatures of metabolic studies were used in the analyses of this chapter 

because these values were available for all compiled species (temperature data were not 

available in FishBase for 37 species), but also precisely measured in controlled conditions. 

 

 

Figure A3.1. The mean temperature recorded for the growth data in FishBase against the 

measurement temperature from the metabolic studies. Black line and grey bands denote the 

regression line and 95% confidence intervals of the Pearson correlation. 
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A3.3. Estimation of ontogenetic body mass covered by metabolic scaling relationships 

The variation in metabolic scaling slopes was investigated in this chapter after a further 

screening step that excluded species for which metabolic scaling relationships covered body 

mass ranges < 5% of the total ontogenetic mass range (following Killen et al., 2010). The 

percentage of ontogenetic body mass range spanned by metabolic scaling relationships was 

calculated as: 

(𝑚𝑚𝑎𝑥 –  𝑚𝑚𝑖𝑛)

𝑀∞
× 100 [S7] 

where 𝑚𝑚𝑎𝑥 and  𝑚𝑚𝑖𝑛 are respectively the maximum and minimal body mass included in 

metabolic scaling relationships, and 𝑀∞ is the mean final body mass of species reported in 

FishBase (all in grams). Here, 𝑀∞ was used as the upper end of the ontogenetic mass range, 

whereas the initial ontogenetic mass was assumed to be negligible relative to 𝑀∞. 
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A3.4. Results of Ordinary Least Squares (OLS) models and model selection to explain the 

interspecific variation in metabolic scaling slopes 

Table A3.1. Comparison of ordinary least squares models (OLS) testing metabolic scaling 

slopes as explained by log10 maximum growth rate (gmax, g d-1), log10 metabolic level (L, mg O2 

g-1 d-1), and temperature (T, ℃) across all sampled species here (n = 118). Abbreviations: df, 

degrees of freedom; AICc, Akaike’s Information Criterion corrected for small samples; weight, 

Akaike model’s weight. The best model (i.e., lowest AICc value) is highlighted in bold. 

 

variable predictor df logLik AICc delta weight 

Metabolic 

scaling 

slope (b) 

log10 gmax + T 4 74.20 -140.05 0.00 0.36 

log10 gmax + log10 L 4 73.83 -139.31 0.75 0.24 

log10 gmax 3 72.35 -138.48 1.57 0.16 

log10 gmax + log10 L + T 5 74.47 -138.40 1.65 0.16 

T 3 70.88 -135.56 4.50 0.04 

log10 L 3 70.26 -134.30 5.75 0.02 

log10 L + T 4 71.30 -134.25 5.80 0.02 

null 2 67.75 -131.40 8.66 0.00 

 

 

Table A3.2. Results of the OLS model describing the variation in metabolic scaling slope (b) 

as explained by log10 maximum growth rate (g d-1), log10 metabolic level (mg O2 g
-1 d-1), and 

temperature (℃) across all sampled teleost species (n = 118). Significant effects (p < 0.05) are 

shown in bold. 

 

 

  

variable predictor estimate std. error t-value p R2 

Metabolic 

scaling slope 

(b) 

intercept 0.801 0.029 27.819 <0.001 

0.08 
Maximum growth rate -0.031 0.012 -2.507 0.014 

Metabolic level -0.029 0.040 -0.719 0.474 

Temperature -0.002 0.002 -1.115 0.267 
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Table A3.3. Comparison of OLS models testing metabolic scaling slopes as explained by log10 

maximum growth rate (gmax, g d-1), log10 metabolic level (L, mg O2 g
-1 d-1), temperature (T, ℃), 

and gill SA scaling slope (bG) for the set of species with available data on bG (n = 21). The best 

model (i.e., lowest AICc value) is highlighted in bold. Abbreviations as in Table A3.1. 

 

variable predictor df logLik AICc delta weight 

Metabolic 

scaling 

slope (b) 

log10 gmax 3 20.63 -33.84 0.00 0.51 

log10 gmax + T 4 21.07 -31.64 2.20 0.17 

log10 gmax + bG 4 20.63 -30.75 3.09 0.11 

log10 gmax + log10 L  4 20.63 -30.75 3.09 0.11 

log10 gmax + log10 L + T 5 21.19 -28.39 5.45 0.03 

log10 gmax + bG + T 5 21.13 -28.26 5.59 0.03 

log10 gmax + bG +log10 L 5 20.63 -27.25 6.59 0.02 

log10 gmax + bG +log10 L + T 6 21.21 -24.52 9.32 0.00 

log10 L 3 15.14 -22.87 10.97 0.00 

T 3 14.51 -21.61 12.23 0.00 

bG + T 4 15.90 -21.29 12.55 0.00 

bG + log10 L 4 15.66 -20.82 13.02 0.00 

null 3 12.64 -20.62 13.22 0.00 

log10 L + T 4 15.55 -20.60 13.24 0.00 

bG 3 13.43 -19.44 14.40 0.00 

bG + log10 L + T 5 16.46 -18.92 14.92 0.00 

 

 

Table A3.4. Results of the OLS model describing the variation in metabolic scaling slope (b) 

as explained by log10 maximum growth rate (g d-1), log10 metabolic level (mg O2 g
-1 d-1), and 

temperature (℃) for the set of species with available data on bG (n = 21). Significant effects (p 

< 0.05) are shown in bold. 

 

 

  

variable predictor estimate std. error t-value p R2 

Metabolic 

scaling 

slope (b) 

intercept 0.828 0.151 5.502 <0.001 

0.45 

Maximum growth rate -0.087 0.029 -3.045 0.008 

Metabolic level 0.042 0.094 0.453 0.657 

Temperature -0.003 0.003 -0.998 0.333 

Gill SA scaling slope (bG) -0.048 0.151 -0.319 0.754 
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A3.5. Phylogenetic tree of the sampled species and results of the Phylogenetic Generalised 

Least Squares (PGLS) models 

 

 

Figure A3.2. Phylogenetic tree of the teleost species used in this study. Three of the 118 

sampled species are missing in this tree because their phylogenetic data was not available in 

The Fish Tree Of Life (Chang et al., 2019). 
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Table A3.5. Results of the phylogenetic generalised least squares (PGLS) model describing the 

variation in metabolic scaling slope (b) as explained by log10 maximum growth rate (g d-1), 

log10 metabolic level (mg O2 g-1 d-1), and temperature (℃) for all sampled species with 

phylogenetic data available (n = 115). Pagel’s lambda was not significantly different from 0 (λ 

= 0.00, 95% CI: NA, 0.58). Significant effects (p < 0.05) are shown in bold. 

 

 

 

Table A3.6. Results of the PGLS model describing the variation in metabolic scaling slope (b) 

as explained by log10 maximum growth rate (g d-1), log10 metabolic level (mg O2 g
-1 d-1), and 

temperature (℃) for all sampled species with phylogenetic data available (n = 21). Pagel’s 

lambda was not significantly different from 0 (λ = 0.20, 95% CI: NA, NA). Significant effects 

(p < 0.05) are shown in bold. 

 

 

  

variable predictor estimate std. error t-value p R2 

Metabolic 

scaling slope 

(b) 

intercept 0.800 0.029 27.384 <0.001 

0.08 
Maximum growth rate -0.030 0.013 -2.397 0.018 

Metabolic level -0.031 0.040 -0.776 0.439 

Temperature -0.002 0.002 -0.992 0.323 

variable predictor estimate std. error t-value p R2 

Metabolic 

scaling slope 

(b) 

intercept 0.842 0.150 5.608 <0.001 

0.43 

Maximum growth rate -0.081 0.028 -2.879 0.011 

Metabolic level 0.049 0.090 0.549 0.590 

Temperature -0.004 0.003 -1.219 0.241 

Gill SA scaling slope bG -0.046 0.148 -0.312 0.759 
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Table A3.7. Results of the PGLS model describing the variation in the overhead costs of growth 

(𝐶𝑔) and maintenance metabolism (𝑅𝑚) as explained by body mas (g), temperature (℃), and 

lifestyle across the 114 species with phylogenetic data available (one bathy-demersal was not 

included here due to be the only representative of this lifestyle category). All metabolic costs 

as well as body mass were log10-transformed. The OLS and PGLS models yielded very similar 

estimates for the temperature effect on both log10 𝐶𝑔 (βT = 0.015 vs. 0.017, respectively) and 

log10 𝑅𝑚 (βT = 0.018 vs. 0.020). Pagel’s lambda (λ ±95% CI) and R2 are indicated for each 

model, whereas significant effects (p < 0.05) are shown in bold. 

 

 

 

Table A3.8. PGLS regression describing the variation in net growth efficiency as explained by 

log10 body mas (g), temperature (℃), and lifestyle across the 114 species with phylogenetic 

data available. Net growth efficiencies were logit transformed here for comparison with the 

Beta regression model (BRM) in the main text. The BRM and PGLS model yielded very similar 

estimates for the temperature effect (βT = -0.019 vs. -0.022, respectively). Pagel’s lambda (λ 

±95% CI) and R2 are indicated for each model, whereas significant effects (p < 0.05) are shown 

in bold. 

 

 

 

 

 

 

 

  

variable predictor df F-value p Pagel’s λ R2 

Overhead cost of growth Body mass 1 10.333 0.002 
0.21 

(NA, 0.79) 
0.16 (𝐶𝑔, mg O2 g

-1) Temperature 1 13.086 <0.001 

 Lifestyle 3 0.582 0.628 

Maintenance metabolism Body mass 1 29.247 <0.001 
0.54 

(0.16, 0.82) 
0.36 (𝑅𝑚, mg O2 g

-1 d-1) Temperature 1 29.330 <0.001 

 Lifestyle 3 2.612 0.055 

predictor df F-value p Pagel’s λ R2 

Body mass 1 0.944 0.334 
0.00 

(NA, 0.49) 
0.04 Temperature 1 7.344 0.008 

Lifestyle 3 0.480 0.697 
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A4. Appendix for Chapter 4 

The cost of biomass production changes during ontogeny and between reproductive 

modes in a model crustacean 

 

The following appendix contains supplementary information on: 

A4.1. Monitoring individual rates of development and growth in cultures 

A4.2. Conversion of body length into body mass 

A4.3. Assumption of negligible body growth in reproductive individuals 

A4.4. Non-linear squares models describing the variation in specific growth rates with body 

mass 

A4.5. Sexual differences in metabolic scaling and growth trajectory in single individuals 

A4.6. Differences in the metabolic costs between production of cysts and larvae 
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A4.1. Monitoring individual rates of development and growth in cultures 

Individual rates of growth and development were tracked by using cylindrical cages 

made of plankton mesh floating into the batch cultures. These cages consisted of a cylinder of 

plankton mesh with a supporting plastic ring in the upper end, which incorporated circular 

floaters to maintain buoyancy, and enabled marking each cage so different individuals could be 

monitored simultaneously. The pore size of the plankton nets ranged from 40 to 150 μm 

depending on animal size, allowing water and food move through these cages (cell size of algal 

blend was 1.5 – 12 μm; RG Complete, Reef Nutrition®), but preventing individuals from 

escaping. Different cage dimensions and mesh sizes were used to accommodate the whole range 

of body sizes of animals studied here (Fig. A4.1). 

 

Individuals were introduced and monitored in these cages for short periods ranging from 

1 to 5 days, depending on their body size. Body length and developmental stage were recorded 

before and after this period in these individuals, which were finally placed in the respirometer 

where their metabolic rates were measured. To ensure that no individual was measured twice, 

monitored animals did not return to the cultures. Furthermore, the growth performance of 

individuals monitored through these cages was checked by comparing data on body length 

(mm) vs. age (days) with previous studies under similar conditions of temperature, salinity, and 

food ration (Evjemo & Olsen, 1999; Forster & Hirst, 2012) (Fig. A4.2). 
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Figure A4.1. Cages used in this study to monitor individual growth and developmental rates in 

batch cultures. Schematic of a cage immersed in culture water and containing an individual, 

shown in lateral view (A) and from above (B). In C, an example of the different cages used to 

accommodate the entire range of body sizes throughout the ontogeny of A. franciscana, 

showing the circular floaters that maintained buoyancy. Cage dimensions (height × diameter), 

from left to right, were 6×1, 8×2 (duplicated), 10×3, and 12×4 cm. Pore size of plankton mesh 

in these cages were 40 μm in the smallest cage (left), and 120 μm in all the others. D shows the 

upper section and cylindrical shape of the cages, as well as the numeration of the individual 

cages to track animals throughout the experiment. E, F and G show examples of small (6×1 

cm), medium (8×2 cm), and large (10×3 cm) cages, as these were used in the cultures.  
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Figure A4.2. The increase in body length with age in individuals of A. franciscana observed in 

the present study (squares). Data from previous studies are shown for comparison, as mean 

body length at age under various conditions. Data from Evejmo & Olsen (1999) (circles) show 

cultures maintained at a temperature of 26 – 28 ℃ and 34 ppt of salinity, fed live Isochrysis 

galbana at a concentration of 10 mg of carbon L-1 (optimum ration), whereas the density of 

individuals in this study was decreased deliberately over time (from 18 to 0.48 ind. mL-1). Data 

from Forster & Hirst (2012) (triangles) shows cultures where a total of 50 individuals were 

placed in 900 mL beakers at the start of the experiment (0.06 ind. mL-1), fed Spirulina powder 

(Arthrospira plantensis), and maintained at temperatures of 25 and 27.5 ℃. Temperature is 

colour coded form blue to red. 
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A4.2. Conversion of body length into body mass 

To estimate the dry body mass of individuals from body length, I used the relationship 

between log10 body length (in mm) and log10 dry body mass (in μg) measured in a previous 

experiment. In this experiment, cultures of A. franciscana were fed live Dunialella tertiolecta 

and kept at 20 ℃, 33 ppt of salinity, and at densities of 0.4 – 0.8 individuals L-1. A total of 504 

individuals in these cultures were used, including from cysts to adults of A. franciscana (Fig. 

A4.3). Individuals were first photographed under a stereomicroscope and measured in body 

length from the anterior tip of the head to the base of the caudal furcae (Reeve, 1963), using the 

Motic Images Plus 2.0 software. Second, these individuals were dried at 80 ℃ for 24 h, and 

finally weighted in a microscale to get dry body mass (Mason, 1963). After comparing these 

data with other studies, culture conditions showed no obvious influence on the relationship 

between body length and mass in A. franciscana (Fig. A4.3), supporting previous observations 

by Evjemo & Olsen (1999). 

 

 

Figure A4.3. The relationship between log10 body length and log10 dry body mass in Artemia 

franciscana, from cysts to adults. A shows data on 504 individuals collected from cultures fed 

Dunialella tertiolecta, kept at 20 ℃, 33 ppt of salinity, and at densities of 0.4 – 0.8 individuals 

L-1. For comparison, data are shown from other studies that used various experimental 

conditions: Reeve (1963), black squares: Mason (1963), triangles (for individuals grown in 

laboratory) and orange circles for a wild population from Mono Lake, California; Evjemo & 

Olsen (1999), empty circles. B shows the results of the piece-wise regression, which showed 

five breakpoints (dashed lines) over ontogeny, with six different slopes (see Table A1). The 
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parameters of the segmented regression were used in this study to estimate dry body mass from 

body length measurements of experimental individuals. The red line denotes the breakpoint at 

which Forster & Hirst (2012) estimated the change in slope from the thoracic to abdominal 

phase in Artemia, using data from Reeve (1963). 

 

The relationship between individual body length and dry mass was analysed through a 

piece-wise regression (Muggeo, 2008), after log10 conversion of the variables. This method is 

described in detail in the main text (see section 4.2.7). This piece-wise regression yielded five 

breakpoints and six segments, each of those segments with respective intercepts and slopes 

(Table A4.1). These parameters were finally used to estimate the dry body mass from body 

length measurements of the individuals investigated in the present study. 

 

Table A4.1. Results of the piece-wise regression for the relationship between log10 body length 

(mm) and log10 body dry mass (μg), indicating breakpoints (i.e., body length at which regression 

changes) as well as parameters (intercepts and slopes) of the regression segments used in this 

study to estimate dry mass from length measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

  

Breakpoints Regression parameters 

Body length (L, mm) intercept slope 

L ≤ 0.379 -0.356 -1.675 

0.379 < L ≤ 0.572 1.009 1.565 

0.572 < L ≤ 0.758 0.275 -1.617 

0.758 < L ≤ 1.664 0.605 1.436 

1.664 < L ≤ 4.260 0.465 2.070 

L > 4.260 -0.096 2.961 
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A4.3. Assumption of negligible body growth in reproductive individuals 

To avoid perturbation of the individuals forming sexual pairs, body length was not 

measured in reproductive males and females prior to the reproduction experiments (see section 

2.4 in the main text). Instead, growth in body mass in these animals was expected to be 

negligible, and hence biomass production was assumed to be solely due to offspring in females. 

While this assumption may have overlooked some variation in body mass during the 

reproduction experiments, the specific growth rates of these individuals, according to their body 

mass, were expected to be very close to zero (Fig. A4.4). Moreover, to ensure reproductive 

success during mating periods, most resources are presumably directed towards reproductive 

activities in both individuals of the pair (e.g., swimming, gamete production, fertilisation), as 

well as biosynthesis of offspring mass in females, and therefore little energy was expected to 

be left for somatic growth. 

 

 

Figure A4.4. The decrease in specific growth rates with log10 body mass in single males (left) 

and females (right) observed in this study. Vertical blue bands denote the range of body sizes 

of reproductive individuals from sexual pairs in the reproduction experiments. 
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A4.4. Non-linear squares (NLS) models describing the variation in specific growth rates 

with body mass 

Table A4.2. Results of the non-linear squares (NLS) models to describe the variation in specific 

growth rates (SGR, d-1) of individuals as explained by log10 dry body mass (M, μg) over the 

ontogeny of A. franciscana. Second-, third-, and fourth-degree polynomial equations were 

implemented to data and compared through BIC values. The best model (i.e., lowest BIC value) 

is indicated by in bold. 

 

  

Equation Parameter Estimate t p BIC 

𝑆𝐺𝑅 = 𝑎 + 𝑏 log10𝑚 + 𝑐 log10𝑚2 a -0.118 -2.01 0.047 

-144.77 b 0.666 7.78 < 0.001 

c -0.214 -8.55 < 0.001 

𝑺𝑮𝑹 = 𝒂 + 𝒃 𝐥𝐨𝐠𝟏𝟎𝒎 + 𝒄 𝐥𝐨𝐠𝟏𝟎𝒎𝟐 + 𝒅 𝐥𝐨𝐠𝟏𝟎𝒎𝟑 a -0.517 -4.45 < 0.001 

-154.84 
b 1.587 6.36 < 0.001 

c -0.814 -5.23 < 0.001 

d 0.116 3.90 < 0.001 

𝑆𝐺𝑅 = 𝑎 + 𝑏 log10𝑚 + 𝑐 log10𝑚2 + 𝑑 log10𝑚3

+ 𝑒 log10𝑚4 

a -0.943 -3.61 < 0.001 

-153.61 

b 2.958 3.72 < 0.001 

c -2.267 -2.78 0.006 

d 0.723 2.16 0.034 

e -0.087 -1.82 0.072 
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A4.5. Sexual differences in metabolic scaling and growth trajectory in single individuals 

The relationship between metabolic rates (R) and body mass (M) differed between 

single males and females (see Table 4.2). The OLS regression equations were log10 R = -0.85 

+ 0.61 log10 M (df: 23, t = 14.73, R2 = 0.90, p < 0.001) for females, and log10 R = -0.48 + 0.46 

log10 M (df: 18, t = 8.55, R2 = 0.79, p < 0.001) for males. Similar OLS models were fitted to 

describe the relationship between specific growth rates (SGR) and log10 body mass (M) in these 

individuals, assuming that SGR decline linearly during post-larval ontogeny (Fig. A4.5). These 

equations are log10 SGR = 1.00 – 0.31 log10 M (df: 23, t = -8.93, R2 = 0.77, p < 0.001) for 

females, and log10 SGR = 1.18 – 0.42 log10 M (df: 18, t = -7.12, R2 = 0.72, p < 0.001) for males. 

Although SGR decreased more steeply over ontogeny in males than in females, a further OLS 

model incorporating data on both females and males showed that such decline in SGR with 

body mass was not significantly different between sexes, as denoted by the interaction term 

between sex and log10 M in this model (OLS, df: 41, t = -1.69, p = 0.099). 

 

 

Figure A4.5. Left panel shows the relationship between log10 metabolic rates (R) and log10 

body mass (M) of single females (triangles) and males (squares) in this study. Right panel shows 

the decrease in specific growth rates (SGR) with log10 body mass (M) of single females and 

males. Thick and dashed lines denote regression lines and 95% confidence intervals from OLS 

models, whereas regression slopes and 95% CI are indicated in the plots. 
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A4.6. Differences in the metabolic costs between production of cysts and larvae 

The metabolic costs of offspring production showed to be influenced by the 

reproductive mode of females (see Table 4.3). The OLS regression equations for the 

relationship between mass-specific metabolic rate and each reproductive mode alone (all in J g-

1 h-1; Fig. A4.6) were Y = 141.61 – 0.46 X (df = 15, t = -0.78, R2 = -0.02, p = 0.447) for cyst 

production; and Y = 98.17 – 1.82 X (df = 15, t = 4.05, R2 = 0.49, p = 0.001), for larvae 

production.  

 

 

Figure A4.6. The relationship between mass-specific rates of metabolism and production of 

cysts mass (A) and larvae mass (B) by reproducing females. Thick and dashed lines denote 

regression lines and 95% confidence intervals from statistically significant models (p < 0.05). 
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