
reared fish were accompanied by even greater reductions in MMR, which ultimately resulted in 

reduced AS relative to the Tavg-reared fish. While decreases in MMR and AS are not necessarily 

predicted outcomes of thermal compensation, such patterns have been reported in previous 

studies on acclimated Nile perch (Nyboer and Chapman, 2017), and may indicate that long-term 

exposure invokes mechanisms that reduce SMR but also lead to reductions peak performance 

(MMR). Similar trends have been found in a congener of Nile perch, the tropical barramundi 

(Norin et al., 2014), and in northern populations of shorthorn sculpin (Sandblom et al., 2014), and 

suggest that there may be energetic costs associated with maintenance of high MMR. Reducing 

basal oxygen demand at the expense of a very high MMR may be the most efficient strategy for 

coping with elevated temperature conditions over longer time periods (Norin et al., 2014; 

Sandblom et al, 2014; Nyboer and Chapman, 2017), particularly if total aerobic capacity is rarely 

(if ever) used in the wild (Norin and Clark, 2016). Interestingly, Nile perch from both rearing 

regimes showed similar patterns of increase in MMR across experimental temperatures, with a 

sharp increase at 33°C, indicating similar metabolic flexibility between rearTs. Rapid increases in 

MMR upon acute exposure to extreme high temperatures have been documented in previous 

studies on Nile perch (Nyboer and Chapman, 2017), and other fish species (Claireaux et al., 2006; 

Gräns et al., 2014; Norin et al., 2014). Such patterns may reflect stress responses and mobilization 

of functional reserves (hormone-activated performance capacity) that stimulate cardiovascular 

activity (Pörtner et al., 2017), and may not be stable over the long term as shown by the 

diminished MMR sometimes evident after acclimation (Norin et al., 2014; Sandblom et al., 2014; 

Nyboer and Chapman, 2017). 
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Reductions in AS in warm-acclimated fish (at 25°C and 33°C) relative to Tavg fish may indicate that 

mechanisms of oxygen uptake and delivery are not able to adjust fast enough to keep pace with 

increased cellular oxygen demand during aerobic exercise (Pörtner and Knust, 2007; Pörtner et 

al., 2017). However, these findings are at odds with the increases in AS across experimental 

temperatures. Fish achieved high AS upon acute exposure to extreme high temperatures 

suggesting that, at least for acute exposures, oxygen transport capacity does not immediately 

decline at high temperatures (and therefore does not limit AS), as previously reported for Atlantic 

halibut (Gräns et al., 2014), barramundi (Norin et al., 2014), and turbot (Claireaux et al., 2006), 

among others. These findings challenge one of the fundamental assumptions of OCLTT that 

reduction in AS due to oxygen limitation is a key physiological restraint acting on fishes’ thermal 

optima. While it is possible that our experimental temperatures were not high enough to observe 

the predicted reductions in AS, this calls into question the relevance of AS in predicting effects of 

climate change on aerobic performance given that 33°C (our highest experimental temperature) 

is at the upper end of what would be experienced in nature, even in the most extreme climate 

change predictions.  

In addition, the relative drops in AS in the warm-reared Nile perch do not necessarily indicate 

reductions in fitness as the lower overall AS in warm-reared Nile perch did not correspond to 

decreases in body size or condition in this treatment (Clark et al., 2013; Gräns et al., 2014; Norin 

et al., 2014; Nyboer and Chapman, 2017). However, one must keep in mind that measurements 

of oxygen consumption are not perfect proxies for energy use (Nelson, 2016), and it is possible 
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that there were differences in activity level, food consumption rates, and/or costs of food 

assimilation (specific dynamic action; SDA) among rearing ponds, all of which are important for 

understanding growth and energy allocation (Chabot et al., 2016a,b). While we did not measure 

these aspects of bioenergetics in this study, we did find reductions in HSI in warm-reared fish, 

indicating possible energetic costs to chronic exposure to elevated temperatures. The liver is a 

major energy store in fishes, and HSI is an indicator of energetic reserves in fish. HSI is often used 

as an alternative predictor of condition (Chellappa et al., 1995), and has been shown to relate to 

reproductive potential (Donelson et al., 2011). HSI can be affected by many factors including food 

availability, season, and reproductive cycle (Chellappa et al., 1995), however given the similar age 

structure, condition, and food supply between the two rearing regimes, these are unlikely to be 

sources of differentiation in this study. The reduced HSI in warm-reared fish could indicate that 

physiological adjustments made upon chronic exposure to warm temperatures are energetically 

costly given this reduction in energetic reserves. Given that fish in both rearing temperatures 

were able to achieve the same body size and condition, so the lower HSI in Twarm fish may indicate 

that they had to allocate more energy to growth at in the higher rearing temperature. 

Responses of organ traits 

There were no differences in relative brain mas (RBM) among Nile perch from divergent rearing 

temperatures. Large brains can enhance individual fitness through improved cognitive ability 

(Kotrschal et al., 2013), but are highly metabolically demanding, and reductions may be 

advantageous under physiologically stressful conditions to reduce basal maintenance costs 

(Poulson, 2001; Crispo and Chapman, 2010; Toli et al., 2016). While some studies have shown 
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high levels of plasticity in brain traits (Gonda et al., 2011; Kotrschal et al., 2012), the absence of a 

response in Nile perch brain size may suggest genetic limitations (lack of ability to change brain 

size via plasticity), but may also indicate that mechanisms employed to compensate for increased 

temperature are adequate to maintain brain size at both rearing temperatures. 

Nile perch also displayed a striking lack of plasticity in gill size and shape among rearing 

temperatures. This was somewhat surprising given previous work that showed variation in gill 

size in wild Nile perch occupying divergent oxygen habitats (Paterson et al., 2010), and evidence 

from other species that exposure to increased temperature can induce alterations in gill 

morphology to compensate for higher basal metabolic rate and lower oxygen availability (Sollid 

et al., 2005; McBryan et al., 2016; Phuong et al., 2017). We had predicted a larger gill size in 

warm-reared fish to enhance oxygen uptake in an environment where oxygen demand would be 

greater, at least initially. It is of course possible that gill traits not measured in this study (e.g. 

lamellar area, interlamellar cell mass) or other mechanisms such as changes in blood hemoglobin 

levels compensate for increased oxygen demand (Weber et al., 1976; Farrell et al., 2009; 

McBryan et al., 2016). However, since warm-reared Nile perch actually show reductions in oxygen 

demand (lower SMR) after 3 months of acclimation, it is possible that improvements in oxygen 

uptake were not necessary. Maintaining small gills may decrease energy required to maintain 

osmotic balance in the blood, and may be beneficial when larger gills are not needed (Crispo and 

Chapman, 2010). This finding may indicate that capacity for oxygen uptake is not the limiting 

factor in the maintenance of aerobic performance, and that Nile perch cope with elevated 

temperatures through some other, more efficient means (e.g., improvements in efficiency of 
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oxygen delivery). The finding that gill traits do not correlate with any metabolic traits supports 

this conclusion. 

Despite finding no evidence for plastic changes in gill metrics or brain size, results from this study 

showed clear evidence for cardiac remodeling. To our knowledge, this is the first study to 

measure heart plasticity in a tropical species exposed to elevated temperatures, and it is 

interesting that trends documented here are very similar to those found in temperate and arctic 

fishes; warm acclimation induced smaller RVM and higher %CM, with the opposite effect in fish 

reared under average temperatures (Klaiman et al., 2011; Gräns et al., 2014; Anttila et al., 2015; 

Keen et al., 2017). Fish exposed to higher water temperature must increase cardiac output (Vb) to 

meet increased oxygen demand of tissues. This can be accomplished by quickening heart rate 

(common during acute thermal stress), developing larger ventricles (increased volume), and 

developing stronger contractile muscles (increased pressure), among others (Farrell et al., 2009; 

Farrell, 2009; Klaiman et al., 2011; Keen et al., 2017; Pörtner et al., 2017). In most cases, RVM 

correlates tightly with Vb (Dalziel et al., 2012), however this relationship may be altered based on 

changes in proportions of the myocardial layers (Klaiman et al., 2011; Keen et al., 2017). For 

example, increases in spongy myocardium (often corresponding to increased RVM) enhance 

stroke volume at cooler temperatures allowing the heart to maintain high Vb at a lower heart 

rate, thereby reducing heart oxygen demand (Keen et al., 2017). In this study, Tavg Nile perch had 

a larger RVM, so this may be the most efficient strategy to maximize cardiac output at cooler 

temperatures. Generally, when fishes are acutely-exposed to higher temperatures, Vb is 

decreased due to loss of pressure generating ability (Klaiman et al., 2011). Given time, however, 

fish often develop stronger compact myocardial layers (at the expense of RVM) so that the 
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greater force generated by this layer can offset the otherwise negative effects of warmer 

temperatures (Klaiman et al., 2011). For Nile perch, increasing %CM may be a way of increasing 

Vb without requiring high heart rates and extra energy reserves. If the changes to the heart result 

in more efficient oxygen delivery strategies, this could lower basal oxygen demand and 

contribute to maintenance of a lower SMR (possibly partly explaining lack of change in gill size). 

Evidence that warm-reared fish have improved cardiorespiratory function are corroborated by 

the CTmax results insofar as warm-reared fish have higher CTmax at all experimental temperatures. 

Cardiac plasticity affects thermal tolerance and metabolic function 

Changes in cardiorespiratory capacity are often invoked as explanations for alterations in thermal 

tolerance and metabolic performance in ectotherms (Gamperl and Farrell, 2004; Pörtner and 

Farrell, 2008; Farrell et al., 2009; Donelson et al., 2011, Jayasundara and Somero, 2013). For fish, 

much of the evidence for this is derived from studies on salmonid species that link 

cardiorespiratory function to swim performance and thermal tolerance (Farrell et al., 2009; 

Anttila et al., 2013, 2014; Eliason et al., 2011, 2017). However, studies that demonstrate 

functional links between heart morphology and metabolic traits are rare, and the generality of 

these trends has not been extended to tropical fishes. 

Morphological changes in Nile perch ventricles were related to variability in SMR, AS, and CTmax. 

For example, larger RVM corresponded to higher CTmax and higher AS, especially in Tavg fish. Since 

Tavg Nile perch have larger RVM, this may indicate that Tavg fish rely on stroke volume (over long-

term exposures) to maintain high cardiac output and support better oxygen supply to tissues. 

This suggests that heart traits are important in determining thermal tolerance and metabolic 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

 •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



performance at the level of the whole organism, and supports findings of studies on salmonid 

species that demonstrated positive relationships among different aspects of cardiorespiratory 

function and aerobic metabolic performance. For example, Anttila et al. (2013) showed positive 

correlations of RVM with CTmax among families of Atlantic salmon, and Eliason et al. (2011) 

showed positive relationships between AS and cardiac scope within several families of Pacific 

sockeye salmon. For Tavg Nile perch, the direction of plasticity for both RVM and AS was the same 

as the direction of covariation among these traits, leading to the conclusion Nile perch in this 

group rely on a larger RVM to maintain aerobic performance. 

Proportions of compact myocardium (%CM) correlated negatively with SMR, especially among 

Twarm individuals; so again, plastic variation among individuals supported the between-treatment 

effects. In the warm-acclimated fish, it is likely that adjustments in heart rate, stroke volume, and 

pressure generation that accompany increases in %CM all play a role in ensuring adequate 

oxygen delivery to respiring tissues (which have likely made their own adjustments to reduce 

basal oxygen demand; Schulte, 2015), while using fewer energy reserves when exposed to higher 

temperatures, thus maintaining a lower SMR in Twarm fish. Our results also showed a positive 

relationship of AS with %CM (especially in Tavg fish). Since AS is calculated as the difference 

between MMR and SMR, the fact that SMR changes with cardiac morphology, and MMR does 

not, may be why AS is correlated to heart traits, and indicates that mechanisms controlling MMR 

may not necessarily be directly related to cardiac morphology. Whatever the case, the finding 

that temperature-related developmental cardiac plasticity can influence aerobic function 

provides insight into one of the possible mechanisms (of many) that may underlie resilience to 

climate warming.  
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Cardiorespiratory function is likely to be a key mechanism underlying physiological plasticity in 

metabolic performance, aerobic capacity, and thermal tolerance in Nile perch). These data are 

consistent with one of the predictions generated by OCLTT, namely that cardiorespiratory 

function is a key mechanism underlying thermal plasticity in fishes and can be useful to 

compensate of increased oxygen demand (Anttila et al., 2013). These relationships are complex, 

however, and are not always in the direction predicted by OCLTT (i.e. lower MMR and AS in 

warm-reared fish, high AS and MMR in individuals acutely exposed to extreme temperatures), 

highlighting how physiological benefits of heart plasticity are context dependent and likely to 

change based on interacting stressors, strategies, and physiological challenges. The fact that Nile 

perch from Lake Victoria are near the upper edge of their thermal range and are still able to make 

plastic adjustments to high temperatures on multiple timescales provides compelling evidence 

against the prediction that tropical ectotherms will be disproportionately negatively affected by 

climate warming. This knowledge is especially important since tropical species’ ability to cope 

with unstable thermal environments is largely unknown, and because tropical fish species, 

including the Nile perch, provide a vital sources of protein in developing nations, such as that of 

the Lake Victoria basin in East Africa. 
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TABLES 

Table 1. Results of 2-way ANOVA on water quality variables. Variables include maximum and 

minimum water temperature, lux (luminosity), dissolved oxygen (DO), pH, and turbidity 

(Secchi depth), across rearing regimes (Tavg, Twarm) and among blocks.  

 

  
2-way ANOVA 

Variables     Rearing regime Block Rearing x Block 

Max Temp (°C) 
 

F(1,511) 1832.797 5.866 9.337 

  
p <0.001 0.003 <0.001 

    η2 0.782 0.022 0.035 

Min Temp (°C)   F(1,511) 1766.408 18.962 10.882 

  
p <0.001 <0.001 <0.001 

    η2 0.776 0.069 0.041 

Lux (lm/m2)   F(1,511) 29.049 0.848 9.249 

 
 

p <0.001 0.429 <0.001 

    η2 0.048 0.003 0.031 

Avg DO (mg/L)   F(1,377) 0.428 0.694   

  
p 0.513 0.500 

     η2 0.001 0.004   

pH   F(1,232) 1.819 0.59   

  
p 0.179 0.555 

     η2 0.008 0.005   

Secchi 
 

F(1,372) 1.081 1.279 
 

  
p 0.299 0.28 

     η2 0.003 0.007   
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Table 2. Sample sizes (N) and means ± s.e.m. of body mass (Mb), standard length (SL), total 

length (TL), and LeCren’s condition factor (K) of juvenile Nile perch used in respirometry 

experiments. Each rearing regime x experimental temperature x block combination is 

represented. Sample sizes were selected to ensure adequate power based on known levels of 

variability in respirometry data, and accounting for availability of specimens in ponds. 

 

Rearing 
regime 

Experimental 
temperature 

and block 
N Mb (g) TL (cm) SL (cm) K (LeCren) 

Tavg 

25 7 49.11 ± 4.45 16.98 ± 0.17 14.2 ± 0.24 1.01 ± 0.015 

1 2 34.12 ± 2.01 15.55 ± 0.04 13 ± 0 0.97 ± 0.023 

2 2 51.4 ± 2.18 17.3 ± 0.02 14.35 ± 0.09 1.03 ± 0.007 

3 3 57.57 ± 4.83 17.73 ± 0.14 14.9 ± 0.21 1.01 ± 0.017 

29 9 30.95 ± 3.26 14.66 ± 0.24 12.26 ± 0.3 1.04 ± 0.026 

1 2 25.56 ± 3.34 13.95 ± 0.1 11.65 ± 0.06 1.06 ± 0.04 

2 3 34.19 ± 1.87 15.1 ± 0.11 12.6 ± 0.15 1.11 ± 0.027 

3 4 30.68 ± 7.16 14.7 ± 0.35 12.32 ± 0.44 0.99 ± 0.011 

33 9 23.44 ± 2.27 13.94 ± 0.24 11.67 ± 0.26 0.95 ± 0.013 

1 2 18.77 ± 1.43 12.75 ± 0.24 10.75 ± 0.22 1.04 ± 0.046 

2 3 27.45 ± 3.6 14.7 ± 0.13 12.4 ± 0.18 0.91 ± 0.037 

3 4 22.77 ± 4.04 13.97 ± 0.24 11.6 ± 0.26 0.93 ± 0.019 

Twarm 

25 9 42.9 ± 5.26 15.91 ± 0.27 13.31 ± 0.36 1.09 ± 0.023 

1 3 36.52 ± 3.26 15.46 ± 0.15 12.96 ± 0.15 1.04 ± 0.018 

2 3 56.24 ± 12.77 17.26 ± 0.33 14.33 ± 0.5 1.11 ± 0.035 

3 3 35.95 ± 5.02 15 ± 0.17 12.63 ± 0.25 1.11 ± 0.01 

29 10 33.33 ± 4.8 15.31 ± 0.32 12.69 ± 0.41 0.98 ± 0.038 

1 3 20.69 ± 0.28 13.6 ± 0.19 11.13 ± 0.16 1.02 ± 0.054 

2 4 48.16 ± 6.38 17.1 ± 0.21 14.17 ± 0.3 1 ± 0.04 

3 3 26.22 ± 3.45 14.63 ± 0.14 12.26 ± 0.17 0.9 ± 0.012 

33 7 30.9 ± 4.9 15.17 ± 0.27 12.65 ± 0.36 0.91 ± 0.023 

1 2 19.94 ± 0.67 14.1 ± 0.03 11.55 ± 0.06 0.86 ± 0.028 

2 3 42.67 ± 5.19 16.6 ± 0.16 13.93 ± 0.24 0.94 ± 0.011 

3 2 24.2 ± 7.02 14.1 ± 0.2 11.85 ± 0.24 0.92 ± 0.04 
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Table 3.  Results of 2-way ANVOA testing for differences in body size and organ traits across 

rearing regime and block. Traits include body mass (Mb), total and standard length (TL and SL), 

LeCren’s condition factor (K), relative brain mass (RBM), relative ventricular mass (RVM), percent 

compact myocardium (%CM), hepatosomatic index (HSI), and 2 prinicpal components for gill 

traits (PC1 and PC2). Rearing regimes include Tavg and Twarm, and each regime was represented by 

3 blocks. 

 

Trait Factor F df p η2 

Mb (g)  
Rearing regime 0.442 1, 47 0.509 0.009 

Block 6.953   0.002 0.228 

TL (cm) 
Rearing regime 0.842 1, 47 0.363 0.018 

Block 7.589   0.001 0.244 

SL (cm) 
Rearing regime 0.606 1, 47 0.44 0.013 

Block 7.473   0.002 0.241 

K  
Rearing regime 0.031 1, 47 0.861 0.001 

Block 0.536   0.589 0.022 

RBM (%Mb) 
Rearing regime 0.013 1, 20 0.911 0.001 

Block 4.459   0.025 0.308 

RVM (%Mb) 
Rearing regime 9.219 1, 33 0.005 0.218 

Block 2.227   0.124 0.119 

% compact 
myocardium 

Rearing regime 11.966 1, 32 0.002 0.272 

Block 0.404 
 

0.671 0.025 

HSI (%Mb) 
Rearing regime 17.825 1, 28 <0.001 0.389 

Block 0.076   0.927 0.005 

PC1  Gills 
Rearing regime 0.116 1, 15 0.738 0.008 

Block 0.984   0.398 0.116 

PC2 Gills 
Rearing regime 0.002 1, 15 0.969 0.000 

Block 0.043   0.958 0.006 
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Table 4. Results of 2- and 3- way ANOVAS examining the effects of rearing regime (rearT) 

and experimental temperature (expT) on critical thermal maximum (CTmax) and metabolic 

traits. The 2-way ANOVA tested the effects of rearT (Tavg, Twarm), expT (25, 29, and 33), and 

their interaction (R x E) on CTmax. The 3-way ANOVA tested the effects of rearT, expT, block, 

and R x E on standard and maximum metabolic rate (SMR and MMR) and aerobic scope (AS). 

 

Variables 
Rearing 
regime 

Experimental 
temperature 

Block R x E 

CTmax (°C) F (2, 13) 87.974 14.02 
 

0.199 

 
p <0.001 0.001 

 
0.822 

  η2 0.871 0.683 
 

0.03 

SMR F (2, 43) 23.623 33.148 0.171 4.929 

(mgO2  kg-1 min-1) p <0.001 <0.001 0.843 0.012 

 η2 0.355 0.607 0.008 0.187 

MMR F (2, 43) 12.914 32.288 0.174 0.366 

(mgO2  kg-1 min-1)  p 0.001 <0.001 0.841 0.696 

 
η2 0.231 0.6 0.008 0.017 

AS F (2, 43) 4.749 16.545 0.13 1.949 
(mgO2  kg-1 min-1)  p 0.035 <0.001 0.878 0.155 

 
η2 0.099 0.435 0.006 0.083 
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Table 5.  Results of 2-way ANCOVA testing for the influence of cardiac traits on thermal 

tolerance and metabolic performance of Nile perch from different rearing regimes (Tavg, Twarm). 

Outcome variables included adjusted critical thermal maximum (CTmax_adj),  and Q10-corrected 

standard and maximum metabolic rates and aerobic scope (SMRQ10, MMRQ10, and ASQ10). Cardiac 

trait covariates included relative ventricular mass (RVM), and percent compact myocardium 

(%CM). Block and the covariate x rearing regime (RR) interaction were included as factors in the 

model. 

 

Variables 
Rearing 
regime 

Block Covariate 
Covariate 

x RR 

Outcome Covariate           

CTmax 

SMRQ10 

F (1, 11) 139.898 
 

9.737 
 p <0.001 

 
0.01 

 η2 0.927 
 

0.47 
 

RVM 

F (1, 11) 22.644   10.728 7.233 

p 0.001 
 

0.008 0.023 

η2 0.694   0.518 0.42 

SMRQ10 

%CM 

F (1, 31) 8.031 0.456 6.184 
 

p 0.008 0.638 0.018 
 

η2 0.206 0.029 0.166 
 

RVM 

F (1, 31) 13.89 0.17 0.724   

p 0.001 0.844 0.401 
 η2 0.303 0.011 0.022   

MMRQ10 

%CM 

F (1, 31) 8.597 0.412 2.464 
 

p 0.006 0.666 0.127 
 

η2 0.217 0.026 0.074 
 

RVM 

F (1, 31) 3.484 0.336 0.236   

p 0.071 0.717 0.63 
 

η2 0.098 0.021 0.007   

ASQ10 

%CM 

F (1, 31) 0.168 1.009 9.471 
 

p 0.684 0.376 0.004 
 

η2 0.005 0.061 0.234 
 

RVM 

F (1, 31) 14.244 2.584 1.935 11.958 

p 0.001 0.092 0.174 0.002 

η2 0.315 0.143 0.059 0.278 
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Table 6.  Results of 2-way ANOVA testing the effects of rearing regime (Tavg, Twarm) on a series 

of gill traits.  Gill traits include total filament number (TFN), total hemibranch area (THA), total 

gill filament length (TGFL), filament base length (FBL), average gill filament length (AGFL) and 

filament density (D).  Body mass (Mb) was included as a covariate, and block as a fixed factor in 

the model. 

Gill trait Rear Temp Block Mb 

TFN 

F (1,14) 0.199 0.154 10.385 

p 0.662 0.858 0.006 

η2 0.014 0.022 0.426 

THA (mm2) 

F (1,14) 0.094 0.234 30.933 

p 0.764 0.794 < 0.001 

η2 0.007 0.032 0.688 

TGFL (mm) 

F (1,14) 0.57 0.719 30.065 

p 0.463 0.504 < 0.001 

η2 0.039 0.093 0.682 

FBL (mm) 

F (1,14) 0.000 0.307 23.030 

p 0.986 0.741 < 0.001 

η2 0.000 0.042 0.622 

AGFL (mm) 

F (1,14) 0.202 0.483 17.26 

p 0.66 0.627 0.001 

η2 0.014 0.065 0.552 

D (TFN/FBL) 

F (1,14) 0.402 1.762 6.634 

p 0.536 0.208 0.022 

η2 0.028 0.201 0.322 
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Figure 4. Linear relationships between metabolic traits and heart traits.  Figures show Q10-

corrected metabolic traits (SMRQ10 and ASQ10) and heart traits including relative ventricular 

mass (RVM), and % compact myocardium (%CM). Colours indicate different rearing 

temperatures (Tavg = blue, Twarm = red). Correlations for CTmax with RVM (not shown in fig) had 

similar patterns as ASQ10 (Panel C), with a marginally significant positive correlation in the Tavg 

group (R = 0.756, p = 0.082). 
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Figure	S2.	Plots	of	raw	pond	water	quality	data	over	the	3-month	rearing	period	(19-Jul.	

–25-Oct.,	2015).	In	all	panels	each	line	represents	a	pond	replicate,	with	Twarm	tanks	in

Journal of Experimental Biology 221: doi:10.1242/jeb.178087: Supplementary information
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red	tones	and	Tavg	tanks	in	blue	tones.	Panel	A	shows	daily	average	maximum	

temperatures.	Grey	dotted	lines	represent	the	3	experimental	temperatures	(25,	29	and	

33°C)	used	in	the	laboratory	for	respirometry	tests.	Panels	B		-	E	show	daily	averages	for	

Lux	(B),	dissolved	oxygen	(DO)	concentrations	(C),	pH	(D),	and	turbidity	as	measured	by	

Secchi	depth	(E).			
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Figure	S3.	Linear	relationships	between	body	mass	and	ventricle	mass	(A),	liver	mass	(B),	

%	compact	myocardium	(C),	and	brain	mass	(D)	raised	under	Twarm	and	Tavg	conditions	

for	3	months.	
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