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Abstract

Pace-of-life syndromes (POLS) describe covariations between life history (such as growth
rate and age at maturity), behaviour (e.g. activity or boldness) and physiology (e.g. meta-
bolic rate) along an axis from fast to slow lifestyles. This powerful concept can be applica-
ble at a range of scales, from broad interspecific contrasts to the individual intra-population
level, though its generality has recently been questioned. Using two species of African
annual fishes with fast lifestyles, we tested how individual-level POLS covary between
the sexes and contrasting social environments. Measuring three key metabolic parameters
(standard metabolic rate, SMR; maximum metabolic rate, MMR; and aerobic scope, AS),
we found extensive variation between species and sexes in the expression of POLS. Social
environment affected individual metabolic traits, but not their covariation with behaviour
and life history traits. In accordance with the POLS prediction, we observed a positive
association between MMR, AS and boldness, and a negative association between MMR,
AS and lifespan in Nothobranchius orthonotus males, although trait covariations were
opposite in N. orthonotus females. In Nothobranchius pienaari, we confirmed the predicted
negative correlation between SMR and lifespan which was not sex-specific. Contrary to
POLS predictions, we observed a negative correlation between SMR and boldness in N.
pienaari. Finally, there was no link between activity levels or size at maturity and meta-
bolic traits in either species. Overall, we demonstrated limited support for POLS predic-
tions, but found that specific pace-of-life trait associations were mediated by both interspe-
cific and intersexual differences.
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Introduction

Covariations between physiology, behaviour, and life-history traits have been integrated
into the pace-of-life syndrome (POLS) framework that predicts animals to fall on a con-
tinuum from slow to fast lifestyles (Ricklefs and Wikelski 2002; Réale et al. 2010). At one
end, a fast lifestyle is characterised by a high metabolic rate and early onset of reproduc-
tion, but at the cost of a short lifespan. Conversely, a slow lifestyle is characterised by a
slow metabolic rate, later onset of reproduction, but a longer lifespan (Auer et al. 2018).
Behavioural traits such as aggressiveness, boldness, and high activity are predicted for
individuals with a fast lifestyle, whereas low levels of activity, aggression, and shyness are
expected for individuals with a slow lifestyle (reviewed in Careau and Garland 2012; Réale
et al. 2010).

The positive association between metabolic rate and behavioural traits linked to explora-
tion, activity, aggressiveness, and boldness rests on the assumption that a high metabolic
rate reflects the increased maintenance costs of a large metabolic capacity (termed “perfor-
mance model”). To maintain body mass or achieve positive growth, individuals with a high
maintenance metabolism must have correspondingly higher energy intake. Hence, these
individuals must be more active to acquire resources and display behavioural traits that
lead to higher resource acquisition (Careau et al. 2008). These behaviours can be costly
and potentially increase mortality risk, by increasing the risk of predation (Biro et al. 2004)
or risk of starvation when resources are limited due to high maintenance metabolic rate
(Alvarez and Nicieza 2005; Finstad et al. 2004). Besides predation- and starvation-related
mortality, the oxidative damage theory of ageing (Beckman and Ames 1998) suggests
another link between metabolic rate and lifespan. This theory argues that generation of
reactive oxygen species during ATP production is linked to accumulation of cellular dam-
age and senescence. Nevertheless, evidence of a direct link between oxidative stress and
lifespan is lacking (Speakman et al. 2015).

The minimal energy requirement for self-maintenance in fish is termed standard meta-
bolic rate (SMR) and can vary two to three-fold even in similarly-sized conspecifics of the
same age and sex, and which experienced the same thermal conditions (Millidine et al.
2009; Norin and Malte 2011; Auer et al. 2015). Some of this variation may be explained
by genetic, epigenetic and physiological factors (Burton et al. 2011), but there may also
be social (Grantner and Taborsky 1998; Sloman et al. 2000; Grobler and Wood 2013) and
behavioural underpinnings. For example, in several salmonid fish species, individuals with
a high standard metabolic rate tend to be more aggressive and more likely to establish
dominance (Cutts et al. 1998, Sloat and Reeves 2014). Further, willingness to take risks
has been linked to a higher metabolic rate in Atlantic salmon Salmo salar (Finstad et al.
2007; Robertsen et al. 2015) and common carp Cyprinus carpio (Huntingford et al. 2010).
However, this pattern may not be general — some studies failed to detect a relationship
between SMR and risk-taking behaviours (Binder et al. 2016; Polverino et al. 2016; White
et al. 2016) or found them only under stressful conditions (Killen et al. 2012).

The overall empirical support for POLS is currently considered equivocal (Royauté
et al. 2018), but in a series of theoretical studies and reviews, factors that might influence
trait covariations have been identified, including resource availability and predation risks
(Salzman et al. 2018), environmental stressors (Killen et al. 2013), and disparate life-his-
tory and physiology between males and females (Himildinen et al. 2018; Immonen et al.
2018). One possible reason for failure to record any association between metabolic rate and
behavioural traits may be the use of standard metabolic rate. Behaviours that require high
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levels of energy expenditure (e.g. burst swimming when chasing prey or escaping pred-
ators) may be more tightly linked to maximum metabolic rate (MMR) or aerobic scope
(AS, i.e. the absolute difference between MMR and SMR, representing capacity to increase
metabolic activity above maintenance levels) than to SMR (Killen et al. 2014; Binder et al.
2016). Indeed, individuals with a high MMR tend to have superior swimming performance
(Reidy et al. 2000; Binning et al. 2015) and a high aerobic scope facilitates faster recovery
from bouts of exhaustive exercise (Marras et al. 2010; Killen et al. 2014), traits that could
prove advantageous for individuals prone to risk-taking. Hence, behaviours directly associ-
ated with foraging and expenditure, rather than behaviours related to general activity, may
be more tightly linked to metabolic traits (Mathot et al. 2019).

We used two closely related species of African annual killifish, Nothobranchius ortho-
notus and N. pienaari to investigate covariation between metabolic rate and behaviour
(boldness and exploratory activity) and life-history traits (size at maturity and lifespan)
at the individual level. We compared males and females across both species and separated
the effect of social environment on the expression of POLS. Several lineages of killifish
have evolved fast lifestyles (rapid growth and maturation, high investment in reproduction)
and thrive in ephemeral habitats that quickly desiccate (so-called annual species) (Furness
et al. 2015; Furness 2016; Eckerstrom-Liedholm et al. 2017). Other killifish lineages live in
permanent habitats (non-annual species). Recent work has demonstrated that at the broad-
est comparative level, annual killifish species display more rapid lifestyles than non-annual
species (Sowersby et al. 2019). At the interpopulation level, however, no differences in
metabolic or behavioural traits of four Nothobranchius species were detected between pairs
of populations from contrasting wet and dry regions that differed predictably in the dura-
tion of habitat persistence (Blazek et al. 2017).

In the present study, we tested predictions of POLS at the individual level. Specifically,
we predicted that SMR, MMR and AS are positively associated with risk-taking behav-
iours but negatively associated with size at maturity (as a proxy of juvenile growth rate)
and lifespan. We also hypothesised that this effect may be mediated by sex differences and
social environment. Given that our study species form male-dominated hierarchies, we
kept fish in two contrasting social conditions — either housed singly or in communal tanks.
We predicted that singly-housed fish will have a lower SMR due to the lack of social stress
but may also have a lower MMR and AS due to lack of exercise. We hypothesised that the
predicted associations are stronger for males than females (Smith and Blumstein 2008), as
sexual selection causes higher variance in reproductive potential (and behaviour) among
males compared to females (Bonduriansky et al. 2018). We predicted that more aggressive
N. orthonotus will have higher SMR and MMR than N. pienaari, but we have not predicted
a priori any differences in the strength of POLS between the species.

Materials and methods
Study species

Nothobranchius are small fishes from ephemeral savannah pools in East Africa. They have
a naturally short lifespan which is driven by the seasonal desiccation of their habitat that
lasts a few weeks to months (Vrtilek et al. 2018a). Nothobranchius orthonotus and N. pien-
aari are sympatric and often coexist in the same pools (Reichard et al. 2017). They have
relatively similar morphology and ecology, but N. orthonotus is larger, more aggressive
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and achieves sexual maturity earlier than N. pienaari (Blazek et al. 2017). While the two
species share a part of their diet spectrum (Polacik et al. 2014), N. orthonotus feeds on
larger prey items than N. pienaari (Pola¢ik and Reichard 2010).

Nothobranchius fishes are extreme income breeders and females lay 20-100 single eggs
sequentially every day (Vrtilek and Reichard 2015). Males are larger than females and
form dominance hierarchies (Polacik and Reichard 2009), with dominant aggressive males
potentially suppressing the activity and growth of subordinate males (Polacik et al. 2016).
Dominant males may also stress females by coercive mating (Polacik and Reichard 2011).

Animals and husbandry

Experimental fish were F1 descendants of parents collected in southern and central
Mozambique in March 2012 (Blazek et al. 2017). Experimental fish were hatched in May
2013 from eggs incubated at 23.5-24.5 °C for at least 16 weeks following standard meth-
ods (Polacik et al. 2016), to ensure that all embryos developed via diapause. Four days
(N. orthonotus) or 10 days (N. pienaari) post hatching, fish were assigned either to single-
housed fish treatment (2 L aquaria) or to group-housed treatment (24 L aquaria). In group-
housed treatments, 10 (N. orthonotus) or 12 (N. pienaari) fish were housed in each tank,
with equal sex ratios. In this setting, single-housed and group-housed fish lived at the same
population density (i.e. at 2 L aquaria volume per fish irrespective of treatment). Species-
specific fish density was contingent on body size differences between the species. At the
age of 6 weeks, group-housed N. orthonotus were individually marked with a single elasto-
mer tag (Northwestern Marine Technology, USA) implanted subcutaneously. The smaller
size of N. pienaari precluded marking. The tanks were equipped with air-driven sponge
filters and 25-30% of the water (aged tap water, conductivity 550 pS/cm2, temperature
26+2 °C) was exchanged 2-3 times a week. Once weaned from Artemia nauplii (fed 2-3
times a day), fish were fed chopped bloodworm (Chironomus larvae) and Tubifex (approxi-
mately 15% of tank biomass) once a day. Aquaria were monitored daily, and any dead fish
were recorded and removed. Lifespan (in days) was measured as a difference between the
dates of birth and death. Size at maturity (V. orthonotus: 4 weeks, N. pienaari: 6 weeks)
was measured as Total length (TL, including caudal fin) from photographs of individual
fish with a reference scale, using the ImageJ software and represented a proxy for juve-
nile growth. A subset of 124 experimental fish (with balanced sex ratio) was haphazardly
chosen for behavioural and physiological measurements. Fish were returned to their home
aquaria after the trials.

Behavioural tests were performed when fish were 16-20 weeks old. Exploration activ-
ity was tested on individual fish in a shallow opaque tank (450X 350 mm, water depth 25
mm), with a ruler placed on the bottom to provide a scale for software calibration. Fish
were transferred to the test tank and after 1 min acclimatization, movements were recorded
by a camera mounted above the tank for 4 min. Light conditions were standardized by the
use of an external dimmed lamp and fish were not fed before trials to standardize satia-
tion and metabolic activity. Recordings were analysed using Tracker 4.82 software (Brown
2009) and activity was quantified as absolute distance travelled during 4 min.

Boldness was scored as time taken to leave a refuge and enter a novel environment
(Brown and Braithwaite 2004). The test arena consisted of an opaque plastic shelter
(80 150 mm, water depth 80 mm) with a divider positioned to one side of the aquarium
and equipped with a sliding door, positioned at one side of the test aquarium (550 %490

@ Springer



Evolutionary Ecology

mm). The three remaining sides were covered by opaque foil to prevent any external dis-
turbance. All other experimental conditions were identical to those for scoring activity.
Individual fish were transferred to the refuge section and after 2 min, the sliding door was
raised up and the fish was allowed to leave the refuge. Two time-points were noted, Time
1: tip of snout outside refuge, and Time 2: entire body outside refuge. All fish left the
refuge within 10 min. Analyses for Time 1 and Time 2 were congruent and only Time 2
is reported. We acknowledge that a proper protocol to measure boldness is subjective and
depends on characteristics of the study species. While our experience with annual killifish
suggests that we have indeed measured boldness using this set up, despite all fish left the
refuge within 10 min and were not hesitant during emergence (limited variation between
Time 1 and Time 2), an alternative view is that time to leave the refuge represented a stress
response.

Respirometry

Respirometry measurements were performed in October and November 2013, when fish
were 18-20 weeks old and population-level adult mortality <30% in all treatment groups.
Standard metabolic rate (SMR) and maximum metabolic rate (MMR) were quantified by
computerized intermittent flow-through respirometry (Steffensen 1989), using a static
respirometry system with 55.0 or 90.0 mL cylindrical glass respirometers (Loligo Systems,
Tjele, Denmark). Respirometers were submerged in an outer holding tank (50 L), supplied
with aged tap water from a 100 L reservoir, continuously aerated and passed through a UV
lamp to minimise microbial respiration. Water temperature was kept constant at 25 +0.1 °C
which is in the middle of optimal temperature range for both species (Zak et al. 2018). The
entire setup was shielded from outside disturbance and lighting followed a 12:12 light:dark
regime. Fish were not fed for 24 h prior to measurements.

Each trial started in the afternoon by subjecting fish to a 3 min chasing +30 s air expo-
sure protocol to elicit MMR (Clark et al. 2013). The MMR was measured immediately
after placing the fish in the respirometry chamber. Chamber oxygen partial pressure (pO,)
was measured with an OXY-4 mini (PreSens GmbH, Germany) fibre-optic O, transmit-
ter and recorded using AutoResp4™ software (1 s~!). Instantaneous mass-specific oxygen
consumption rate (MO,) was derived from the decrease in chamber pO, during a 3-minute
measuring period (d(pO,)/dt) according to the equation: MO, =V (d(pO,)/dt) cM-1, where
V is the volume of the chamber, a is specific oxygen solubility and M is wet mass. Cham-
bers were then flushed for 3 min with water from the holding tank, followed by a closed
1 min wait period to reach steady state, before the next measurement period began. MO,
measurements recorded during the following 24 h were used to estimate SMR. All meas-
urements were corrected for microbial respiration by recording MO, in empty chambers
before and after each measurement and subtracting the mean value from fish MO,.

Data analysis

Standard metabolic rate (SMR) was estimated according to Chabot et al. (2016) as the 20th
percentile of all MO, values, where the regression coefficient of the slope d(pO,)/dt was
R?>0.96, using the R package fishMO2. Note that, by definition, SMR is measured in a
resting, post-absorptive and non-reproducing state. However, N. orthonotus and N. pien-
aari are extreme income breeders and reproduce continuously, so absolute SMR values
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may have been overestimated. Maximum metabolic rate (MMR) was determined as the
highest MO, of the first three measurements after the chasing protocol. Aerobic metabolic
scope (AS) was calculated as the difference between MMR and SMR. To correct for size
effects on mass-specific metabolic rate, metabolic variables were size-standardised using
the residuals from the In(wet mass) — In(MO,) linear regressions. A linear relationship
between In-transformed MO, and In-transformed wet mass was confirmed by significant
regression coefficients for all metabolic variables (Supplementary Table 1).

We compared metabolic traits between N. orthonotus (N=57) and N. pienaari N=67),
females (N=64) and males (N=60) and individually housed (N=58) and group housed
(N'=66) using linear models (LM), with species, sex and housing as explanatory variables.
We have not used mixed models, because only group housing (but not individual housing)
would be subject to a random effect of home tank ID.

Model selection was performed by a backward elimination starting with full models
including all variables and their interactions (Supplementary Table 2). Removal of vari-
ables and interactions was based on values of Akaike’s information criterion (AIC), using
the step(model, direction = “backward”) function in R. The final model chosen was the
model with the lowest AIC value that also retained the variable(s) central to our prediction.

Pace-of-life syndrome was investigated for each species separately. In N. orthonotus, we
analysed data for grouped-housed and individually housed fish in single analyses, while
this was not possible in N. pienaari as their small size precluded individual marking in
social tanks. Associations between metabolic and behavioural, and metabolic and life-
history traits were analysed using linear models (LM) with the trait of interest (activity,
boldness, size at maturity and lifespan) as the dependent variable in the respective model,
and sex (in N. orthonotus and N. pienaari) and housing (only in N. orthonotus) as fixed
factors, including their interaction (Supplementary Tables 3-5). The assumptions of nor-
mal distribution and heteroscedasticity of residuals were checked by inspection of resid-
ual plots (scatterplots and QQ-plots) and presence of influential data points was evaluated
using Cook’s distance. All analyses were performed in the R statistical environment (R
Core Team 2019).

Results
Metabolic rate varied between species, sex and social treatment

Overall, size-standardized standard metabolic rate (SMR) greatly varied between spe-
cies, sex and social treatments (LM: species: t;;q = —8.29, P<0.001; sex: t;;, = —2.14,
P=0.035; social treatment: #,,, = —4.35, P <0.001; Radj2 = 0.44; Fig. 1a—c), but there were
no significant interactions between the variables (all P>0.05 and removed from the final
model during AIC-based stepwise backward selection). Nothobranchius orthonotus had,
on average, 27.8% higher SMR on the arithmetic scale than N. pienaari [back-transformed
estimated marginal mean: N. orthonotus=189.25 (95% CI: 181-192) mgO, kg~! h™!, N.
pienaari=148.04 (95% CI: 142-154) mgO, kg™! h™!, for a 1.0 g fish]. Females had an
average 6.5% higher SMR than males [females=169.77 (95% CI: 163-177) mgO, kg™!
h™!, males=159.44 (95% CI: 153-166) mgO, kg~' h™!, for a 1.0 g fish]. Group-housed
fish had an average 13.6% higher SMR than individually-housed fish [grouped=174.58
(95% CI: 168-182) mgO, kg™' h™!, single=153.66 (95% CI: 147-160) mgO, kg™ ' h™!,
for a 1.0 g fish].
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Fig. 1 Variation in metabolic traits between species, sex and social environment in N. orthonotus and N.
pienaari. Data were size-standardized by using residuals from the allometric scaling relationship: In(wet
mass) — In(metabolic rate). SMR: standard metabolic rate; MMR: maximum metabolic rate. AS, aerobic
scope (MMR-SMR). Black dots represent individual data points and red line represents mean +SD

Size-standardized maximum metabolic rate (MMR) also varied between species, sex
and social treatments (LM: species: t;;, = —2.09, P=0.040; sex: t,,,=2.46, P=0.016;
housing: t;,, = —4.13, P<0.001; Fig. 1d—f). Nothobranchius orthonotus had an average
6.9% higher MMR than N. pienaari [N. orthonotus=626.96 (95% CI: 599-656) mgO,
kg™! h™!, N. pienaari=586.54 (95% CI: 562-613) mgO, kg~! h™!, for a 1.0 g fish].
Females had 8.2% lower MMR than males [females=585.42 (95% CI: 557-609) mgO,
kg™ h™!, males=630.06 (95% CI: 602-659) mgO, kg~! h™!, for a 1.0 g fish]. Group-
housed fish had a 14.3% higher MMR than individually-housed fish [grouped=642.55
(95% CI: 616-670) mgO, kg~! h™!, single=562.36 (95% CI: 536-590) mgO, kg~' h™!,
for a 1.0 g fish].

There was no significant difference in aerobic scope (AS) between N. orthonotus and
N. pienaari (LM: t,; = —0.463, P=0.644; Fig. 1g), but AS was significantly lower in
females (LM: t,,3=2.43, P=0.028; Fig. 1h) and in individually housed fish (LM: t,,; =
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—3.30, P=0.002; Fig. 1i). Summaries of full and final models are provided in Supplemen-
tary Table 2.

Relationship between behavioural and metabolic traits

The association between boldness and metabolic traits differed between the two species.
In N. orthonotus, there was no significant relationship between boldness and SMR (LM:
ti=1.23, P=0.230; Fig. 2a), but a marginally significant association between boldness
and MMR, mediated by sex (LM: boldness*sex interaction: #4; = —2.08, P=0.044, Radj2
= 0.19). Boldness was negatively associated with MMR in females but positively in males
(Fig. 2b). This outcome translated into a negative relationship between aerobic scope and
boldness in female and a positive relationship in male N. orthonotus (LM: boldness*sex:
t3; = —2.17, P=0.037, Radj2 = 0.11; Fig. 2¢). Social environment had no significant effect
on associations between metabolic traits and boldness (i.e. there were no significant
boldness*housing interactions and the terms were excluded during model selection (Sup-
plementary Table 3).
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Fig.2 Covariation between metabolic traits (standard metabolic rate, maximum metabolic rate and aero-
bic scope) and boldness (latency to leave refuge) in N. orthonotus (a—c) and N. pienaari (d—f). Data was
size-standardized by using residuals from the relationship: In(wet mass) — In(metabolic rate). Least squares
regression lines are shown with 95% confidence intervals indicated by shaded areas
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In N. pienaari, individuals with low SMR were bolder and left the refuge more readily
(LM: 1,,=3.99, P<0.001, Radj2 = 0.39; Fig. 2d). There was no association between bold-
ness and MMR (LM: #,,=0.10, P=0.925, Radj2 = 0.39; Fig. 2e) or metabolic scope (LM:
t,, = —0.43, P=0.670, Radj2 = 0.39; Fig. 2f). Model summaries are provided in Supple-
mentary Table 3. Exploratory activity was not associated with any metabolic trait in either
species (Supplementary Table 4).

Relationship between lifespan, maturation and metabolic traits

The associations between lifespan and metabolic traits also differed between species. In
N. orthonotus, lifespan was not related to SMR (LM: #,,= —0.08, P=0.94, Radj2 =—0.02;
Fig. 3a). However, MMR was significantly associated with lifespan, with opposite effects
in females and males (LM: lifespan*sex interaction: #,5=2.28, P=0.028, Radj2 = 0.13;
Fig. 3b). Females with high MMR lived longer, while males with high MMR were shorter-
lived. As with boldness, there was a positive association between lifespan and aerobic
scope in female N. orthonotus and a negative one in males (LM, lifespan*sex interaction:
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Fig.3 Covariation between metabolic traits (standard metabolic rate, maximum metabolic rate and aero-
bic scope) and lifespan in N. orthonotus (a—c) and N. pienaari (d—f). Data was size-standardized by using
residuals from the relationship: In(wet mass) — In(metabolic rate). Least squares regression lines are shown
with 95% confidence intervals indicated by shaded areas
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14,=2.68, P=0.011, Radj2 = 0.10; Fig. 3c). Social environment had no significant effect
on associations between metabolic traits and lifespan (i.e. there were no significant
lifespan*housing interactions and terms were excluded during model selection; Supple-
mentary Table 4).

In N. pienaari, fish with high SMR were shorter-lived (LM: #,,=3.88, P=0.001, R,ddj2
= 0.34; Fig. 3d), but no effects of MMR (LM: t,, = —0.85, P=0.404, Radjz = —0.04) or AS
(LM: t,3=0.577, P=0.570, Radjz = —0.06) on lifespan were detected (Fig. 3e, f). Summa-
ries of full and final models are provided in Supplementary Table 5.

There was no relationship between size at maturation and metabolic traits in either spe-

cies (Supplementary Table 6).

Discussion

Pace-of-life syndromes (POLS) is powerful theoretical concept that links behaviour, physi-
ology and life history along a single axis from fast to slow lifestyle, with covariation among
traits centred on metabolic rates (Ricklefs and Wikelski 2002; Réale et al. 2010). The exist-
ence of POLS has been demonstrated across evolutionary scales—among taxa (Wiersma
et al. 2007), among distinct populations within a species (Wikelski et al. 2003) and at inter-
individual level within a population (Huntingford et al. 2010). Associations among POLS
traits may be modified by social environment (Reid et al. 2012) and are often sex-specific
(Haméldinen et al. 2018). While the POLS concept received considerable support initially,
more recently an increasing number of studies have questioned its generality (reviewed in
Royauté et al. 2018).

Using two species of African annual fish, we show that metabolic traits vary between
species, sex and social environment, but associations between metabolic rate, behaviour
and life history are relatively weak and species- and sex-specific. We found that explora-
tory activity and size at maturity did not covary with metabolic traits. Individual boldness
and lifespan demonstrated complex relationships to metabolic traits, with SMR linked to
N. pienaari traits but MMR (and aerobic scope) to N. orthonotus traits. Individual N. pien-
aari with low SMR were bolder and longer-lived in both sexes and these associations were
robust. In N. orthonotus, sexes differed in their covariation between the traits. As predicted,
males with higher MMR (and aerobic scope) were bolder and shorter-lived, but the oppo-
site was found in females; females with higher MMR were relatively shy and longer-lived.

Metabolic rate variation between species, sexes and social
environment

Species with more active lifestyles and at higher trophic levels tend to have higher meta-
bolic rates (Killen et al. 2010, 2017; Norin and Clark 2016). Our two study species have
relatively similar morphology and ecology (Reichard et al. 2017), but N. orthonotus is
larger, more aggressive and achieves sexual maturity earlier than N. pienaari (Blazek et al.
2017). The two species frequently co-occur in the wild (Reichard et al. 2017) and despite
partial overlap in their diet spectrum (Polacik et al. 2014), N. orthonotus are more vora-
cious than N. pienaari (Polacik and Reichard 2010). In accordance with our predictions,
we demonstrated that the more aggressive and predatory N. orthonotus had higher SMR
and MMR than more placid N. pienaari.
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Life-history theory postulates that males and females diverge in their life histories
(Stearns 1992; Roff 2002), with males exhibiting a faster life-history than females (Bon-
duriansky et al. 2008). Sex differences in pace-of-life traits related to behaviour (Smith
and Blumenstein 2008) and metabolic rate (Arnqvist et al. 2017) are widely documented,
but in fish, studies on intersexual differences in metabolic traits are surprisingly scarce.
We observed a slightly higher SMR in females in both Nothobranchius species but pro-
pose this to be due to their reproductive status. Nothobranchius fishes are extreme income
breeders (Vrtilek and Reichard 2015) and females therefore continuously undergo cycles of
oocyte maturation. Given that gonad tissue has a higher mass-specific oxygen consumption
than somatic tissue (Oikawa and Itazawa 2003), we predicted that to be reflected in higher
SMR (Beamish 1964). In contrast, MMR (setting the upper limit for metabolic rate during
elevated activity) was higher in males, in accordance with a faster pace-of-life that is typi-
cally associated with males. This result is similar to the situation reported in mosquitofish
Gambusia holbrooki where males also had a higher MMR than females (Srean et al. 2017).

Social stress is known to affect several aspects of an individual’s physiology with both
short-term and long-term effects on SMR (Grantner and Taborsky 1998; Sloman et al.
2000; Djikstra et al. 2016). Annual killifish form male-dominated hierarchies where domi-
nant males suppress the activity and growth of subordinate males (Polacik and Reichard
2009; Passoss et al. 2015). Dominant males also exert strong reproductive coercion on
females (Polacik and Reichard 2011). Harassment from dominant males therefore likely
leads to social stress in subordinate fish. We found that individually-housed fish had con-
sistently lower SMR, MMR and AS. We propose that the lower SMR in individually
housed fish is the combined effect of absence of social stress and reduced reproductive
allotment. Individually-housed fish grew considerably larger than group-housed fish, with
an average 40% bigger body mass at the time of metabolic rate measurements. This indi-
cates that the absence of social stress and lowered reproductive investment shifted individ-
ual energy budgets towards increased somatic growth. A comparable observation was made
in the closely related N. furzeri, where individually-housed females reduced their repro-
ductive effort relative to group-housed females, and this was accompanied by increased
somatic growth (Graf et al. 2010).

The lower MMR (associated with a restricted aerobic scope) in individually-housed fish
suggests that MMR is a plastic trait. Indeed, the within-individual repeatability of MMR
estimates has been shown to decrease with time (Norin and Malte 2011). In our study,
the lower MMR of individually-housed fish could perhaps be related to lack of exercise.
Group-housed fish routinely engaged in high energy demanding exercise arising from
social conflicts (such as to direct attacks or escape harassment), while individually-housed
fish were comparatively less active and lived in a more confined space. Whether MMR is
sensitive to training effects in fish is not well understood, but at least one study demon-
strated that female guppies Poecilia reticulata exposed to male harassment had increased
swimming efficiency and aerobic scope compared to non-harassed females (Killen et al.
2015).

Metabolic traits and behaviour
We predicted positive associations between metabolic rate and boldness and exploratory

activity but did not find strong support for these predictions. The predicted positive asso-
ciation between boldness and metabolic rate was only observed in N. orthonotus males in
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relation to MMR but not SMR, and the association was negative in N. orthonotus females.
SMR was negatively associated with boldness in N. pienaari. Most studies on the relation-
ship between risk-taking behaviour and metabolic rate in fish have focused on the SMR and
often detected positive associations (Metcalfe et al. 2016), though some studies failed to
find any association (Binder et al. 2016; Polverino et al. 2016; White et al. 2016).

Our results suggest that other factors, such as stress, might influence the relation-
ship between SMR and risk-taking. For example, in juvenile Atlantic salmon, a correla-
tion between risk-taking and SMR was observed among individuals with access to cover,
but not among individuals without access to cover (Finstad et al. 2007). Being confined
to respirometry chambers may be perceived stressful and increase cortisol levels (Mur-
ray et al. 2017), with a concomitant increase in oxygen consumption (Morgan and Iwama
1996; O’Connor et al. 2010). Contrasting stress coping styles (proactive and reactive) are
associated with boldness-shyness and activity of the hypothalamic-pituitary-adrenal axis
(Koolhaas et al. 1999; @verli et al. 2007). The lack of correlation (N. orthonotus) and neg-
ative correlation (N. pienaari) between SMR and boldness, could therefore be a conse-
quence of individual variation in stress coping styles, as observed in the Senegalese sole,
Solea senegalensis. Shy sole individuals (with reactive coping styles) had higher cortisol
levels and increased SMR during respirometry measurements (Martins et al. 2011). Future
studies should consider the possible confounding factors of stress-coping style when inves-
tigating correlations between behaviour and metabolic rate.

We also predicted that bold individuals would have higher MMR and AS, which we
only observed in N. orthonotus males. Similar to our observation, where boldness was
associated not with SMR but MMR and AS, bold juvenile bluegill sunfish, Lepomis mac-
rochirus had higher MMR and AS compared to shy individuals, whereas no difference
was observed in SMR (Binder et al. 2016). In juvenile Ambon damselfish, Pomacentrus
amboinensis, aggression and dominance were positively associated with higher AS (Killen
et al. 2014). Together, this suggests that MMR and AS may be closely related to behaviours
that require high levels of energy expenditure. However, given that we observed no covari-
ations between MMR, AS and boldness in N. pienaari and female N. orthonotus, this rela-
tionship appears potentially species- and sex-specific. The sex-specific association between
MMR and boldness in N. orthonotus is supported by the outcome of a recent meta-analysis
(Royauté et al. 2018). Across 42 studies on various taxa, females exhibited correlations
between behaviour, physiology and life-history in the opposite direction to those observed
in males and those predicted by the POLS hypothesis (Royauté et al. 2018). We speculate
that stronger covariation between MMR and boldness in males is linked to higher variation
in their reproductive potential (Bonduriansky et al. 2008). Especially in more aggressive N.
orthonotus, this may enable coexistence of bolder dominant males and shyer subordinate
males which approach reproductive opportunities by alternative tactics, with their behav-
ioural traits perhaps regulated by neuroendocrine mechanisms (Tripp et al. 2018).

We did not find any support for the “performance model” (Careau et al. 2008) that pre-
dicts a positive association between SMR and activity. According to this model, a high
individual SMR reflects larger metabolic machinery with a high capacity for energy out-
put. However, to meet maintenance cost, individuals must be more active overall in the
search for food (Careau et al. 2008). There was no correlation between exploratory activity
and SMR or any other metabolic trait. Our results fit the predictions of the “independent
model”, where SMR is considered to be independent of activity levels if skeletal muscle
has a relatively low maintenance cost. Hence, being more active does not entail a higher
energy expenditure at rest (Careau and Garland 2012). We note that these links may also
be affected by fish motivation. In our standardised experimental conditions, fish could have

@ Springer



Evolutionary Ecology

lacked the motivation to explore the environment, while measuring exploration activity in
the wild would have produced a different outcome. Still, even under natural conditions,
activity and SMR may not correlate (Farwell and McLaughlin 2009; Baktoft et al. 2016).

Metabolic traits and life history

The strongest evidence for a link between pace-of-life syndrome and life history was
detected in N. pienaari, where SMR and lifespan were strongly negatively correlated. In
N. orthonotus, this evidence was more ambiguous with a negative correlation between
MMR (and AS) and lifespan observed only in males. The oxidative damage theory of age-
ing, a well-supported mechanistic theory of aging (Beckman and Ames 1998), provides a
mechanistic link between metabolic rate and lifespan. The generation of reactive oxygen
species (ROS) during oxidative phosphorylation (which is intrinsically positively linked
to metabolic rate), causes cellular damage that accumulates and leads to functional senes-
cence. Using the same cohort of fish as in the present study, Blazek et al. (2017) found
a general increase in oxidative stress with age across tissues. This increase was acceler-
ated in the populations of N. orthonotus and N. pienaari with intrinsically shorter lifes-
pans. Yet, shorter lifespan was not associated with higher metabolic rate at the population
level (Blazek et al. 2017). This makes oxidative stress from ATP production less likely as
the underlying cause of the correlation between SMR and lifespan observed in the present
study. Unfortunately, it was not possible to compare metabolic rate, oxidative stress and
lifespan directly at the individual level, as individuals need to be sacrificed to obtain reli-
able estimates of oxidative stress in their tissues. Additionally, we note that whole-animal
oxygen consumption rate does not accurately reflect ATP production, as the amount of ATP
produced per unit of oxygen consumed can vary (Brand 2005). Given that we observed
high SMR being strongly associated with shyness in N. pienaari, we propose this may be
a manifestation of a reactive stress coping style. Glucocorticoids have been shown to mod-
ulate oxidative stress in vertebrates (Constantini et al. 2011), suggesting a link between
stress-coping style and ageing. This appears an interesting subject for future studies.

Size at maturation was not associated with any metabolic trait, contrary to the positive
association predicted by the POLS theory. It is possible that our metabolic measurements
were taken too late, 12—14 weeks after maturation. In annual killifish sexual maturation
is extremely rapid (Vrtilek et al. 2018b) and metabolic rate shows ontogenetic plasticity
(Sowersby et al. 2019). Therefore, we could possibly have detected correlations between
juvenile growth and metabolic traits in accordance with the POLS prediction, if metabolic
traits were measured at an earlier age (Rosenfeld et al. 2015).

Conclusions

We report species- and sex-specific demonstrations of POLS in two species of African
annual killifish. Overall, we found only limited support for relationships between meta-
bolic rate, behaviour and life history at the level of individual fish. The predicted posi-
tive relationship between risk-taking behaviour and SMR was not demonstrated at all, and
a negative association was actually present in N. pienaari. Instead, we report a positive
association between MMR and risk-taking behaviour in male N. orthonotus but a negative
one in females. There was robust support in N. pienaari (but not N. orthonotus) for our
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prediction that low SMR is related to longer lifespan. In N. orthonotus there were clear dif-
ferences between males and females in how MMR (and therefore capacity to perform aero-
bic activity) was related to individual boldness and lifespan, with associations conforming
to our prediction in males rather than females. Exploratory activity and size at maturation
were not associated with metabolic traits. Group-housed fish had higher respiration rates,
but social environment did not mediate relationships between metabolism and behaviour or
metabolism and life history. These findings provide limited support for POLS predictions
but suggest, in line with a growing number of observations, that traits related to POLS
form more complex associations mediated by sex and environmental factors.
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