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Abstract
Natural selection alters the distribution of phenotypes as animals adjust their behaviour and 
physiology to environmental change. We have little understanding of the magnitude and 
direction of environmental filtering of phenotypes, and therefore how species might adapt 
to future climate, as trait selection under future conditions is challenging to study. Here, 
we test whether climate stressors drive shifts in the frequency distribution of behavioural 
and physiological phenotypic traits (17 fish species) at natural analogues of climate change 
 (CO2 vents and warming hotspots) and controlled laboratory analogues (mesocosms and 
aquaria). We discovered that fish from natural populations (4 out of 6 species) narrowed 
their phenotypic distribution towards behaviourally bolder individuals as oceans acidify, 
representing loss of shyer phenotypes. In contrast, ocean warming drove both a loss (2/11 
species) and gain (2/11 species) of bolder phenotypes in natural and laboratory condi-
tions. The phenotypic variance within populations was reduced at  CO2 vents and warm-
ing hotspots compared to control conditions, but this pattern was absent from laboratory 
systems. Fishes that experienced bolder behaviour generally showed increased densities in 
the wild. Yet, phenotypic alterations did not affect body condition, as all 17 species gener-
ally maintained their physiological homeostasis (measured across 5 different traits). Bold-
ness is a highly heritable trait that is related to both loss (increased mortality risk) and 
gain (increased growth, reproduction) of fitness. Hence, climate conditions that mediate the 
relative occurrence of shy and bold phenotypes may reshape the strength of species inter-
actions and consequently alter fish population and community dynamics in a future ocean.
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1 Introduction

The increasing emissions of anthropogenic  CO2 into the atmosphere are rapidly changing 
the physico-chemical conditions of the world’s oceans by increasing their acidity and sur-
face temperatures (Caldeira and Wickett 2003; IPCC 2013). Ocean acidification and warm-
ing are set to challenge marine life by modifying their physiology and behaviour (Nagel-
kerken and Connell 2015) leading to altered biodiversity and ecosystem health (Bellard 
et  al. 2012; Nagelkerken et  al. 2017; Wittmann and Pörtner 2013; Connell et  al. 2018). 
Organisms may be able to persist environmental change by shifting their ranges, (epi)
genetic adaptation, and adaptive phenotypic plasticity (Nunney 2016; Souza et al. 2018). 
The persistence of sessile organisms with limited dispersal capacity will depend more 
heavily on phenotypic plasticity, as they cannot readily move towards more favourable 
environments as climate becomes unfavourable (Valladares et al. 2007; Reed et al. 2011; 
Leung et  al. 2019). Phenotypic plasticity is the capacity of a single genotype to express 
multiple phenotypes in response to environmental stimuli (Scheiner 1993; Pigliucci 2005; 
Souza et al. 2018) allowing organisms to cope with environmental change (Bonamour et al. 
2019). The capacity to improve an individual’s fitness to altered conditions is offered by 
phenotypic plasticity, a suite of adaptive responses that can bolster population persistence 
(Schmid and Guillaume 2017; Bonamour et al. 2019). Alternatively, plasticity can be mala-
daptive if fitness is reduced, or neutral if there is no effect on fitness (Ghalambor et  al. 
2007). We currently know little about how phenotypic plasticity and its variance across 
species and ecosystems might allow marine vertebrates to acclimate under climate change 
stressors, as most empirical studies have focussed on phenotypic means instead of their 
variability (O’Dea et  al. 2019). It is also unclear whether such plasticity is sufficient to 
allow their populations to persist under future conditions.

Plastic responses in an individual’s morphological, physiological, and behavioural traits 
are a fundamental source of variation in a population (Henn et al. 2018; Gibert and Brassil 
2014; Matesanz et al. 2010; Sultan and Spencer 2002). Behavioural traits such as activity, 
swimming levels, and boldness have implications for feeding and growth rates (Biro et al. 
2003; Laubenstein et al. 2018). These traits also affect survivorship as they mediate expo-
sure and susceptibility to predators (Biro et  al. 2003; White et  al. 2013). Bold individu-
als are characterised by increased risk-taking behaviours, which may provide them with 
increased access to resources but also increase their predation risk. Boldness is regulated 
by various physiological and biochemical processes, and because it is a heritable trait it is 
subject to natural selection (Ferrari et al. 2016).

In natural systems, selection fluctuates in space and time (Buskirk 2017) and favours 
specific phenotypes over others, i.e. those that are better pre-adapted to the novel condi-
tions (Edelaar et al. 2017). A single phenotype cannot maintain fitness across a wide range 
of environments; therefore, selection across heterogeneous environments might favour 
plasticity that promotes diversification of traits (Reed et  al. 2011; Lafuente and Beldade 
2019). Populations can undergo three patterns of natural selection. The first one is direc-
tional selection where selection acts towards a single phenotypic extreme, shifting the 
distribution to one end (Kingsolver and Pfennig 2007). When selection acts in one direc-
tion and there is a lack of phenotypic variability, the vulnerability of these populations 
increases (Assis et al. 2016). A second mode of selection is stabilising selection, where fit-
ness increases for individuals closest to the mean value (Kingsolver and Pfenning 2007). A 
third mode of selection is disruptive selection, where the highest levels of fitness are found 
at the extremes of the trait values (Kingsolver and Pfenning 2007).
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Species responses to climate change are typically expressed as the mean value of their 
traits, disregarding the fact that population variability in phenotypes can modify the pat-
terns of species interactions and natural selection (Gibert and Brassil 2014; Bolnick 
et  al. 2011). Understanding the changes in the direction, frequency, or variability of the 
frequency distribution of phenotypes can indicate whether a population will be able to 
persist in a future climate. Whether a specific phenotype will be selected depends on the 
adaptive capacity of specific phenotypic traits to the changing environment. While abiotic 
conditions influence the selection of species or populations with particular traits and phe-
notypes that aid them to establish, persist, and reproduce (environmental filtering), biotic 
interactions can also be a significant contributor (Kraft et al. 2015; Lozada-Gobilard et al. 
2019). Phenotype selection can modify demographic parameters that alter population sizes. 
Populations that undergo alterations in size and phenotypic distribution tend to experience 
altered interactions with other species populations (Donelson et al. 2019). Consequently, 
modified species interactions have the capacity to alter the structure of community in fluc-
tuating environments (Nagelkerken and Munday 2016).

Here, we test the hypothesis that under future climate the frequency distribution of 
physiological and behavioural phenotypic traits in fishes shifts from present-day condi-
tions, altering the overall phenotypic variability and affecting species population sizes. We 
investigate how the phenotypic distribution of different behavioural and physiological trait 
responses within populations of various fish species adjusts to future climate, simulated 
under natural and laboratory conditions. We used natural volcanic  CO2 vents to test for 
effects of elevated  CO2, and natural climate-warming regions to test for the effects of ele-
vated temperature. Laboratory evaluations of future climate effects were performed using 
mesocosm and aquarium systems. A wide range of behavioural and physiological traits in 
17 fish species (commonly found at the collection sites) were quantified to study result-
ant changes in trait frequency distributions within species populations. Assessing which 
phenotypes predominate in a changing ocean provides an understanding of their potential 
persistence or vulnerability under global change.

2  Materials and methods

2.1  Natural systems

2.1.1  Natural CO2 seeps

This study was conducted on a temperate rocky reef at White Island, a volcanic island in 
Bay of Plenty, New Zealand (during 2013, and 2015–2018). Sample sites were located 
along the north-eastern coast of the island and consisted of two independent vent sites 
(north and south) and two independent controls sites (north and south) (see Fig. S1 in Con-
nell et  al. 2018). The two vent sites represented future  CO2-enriched oceans for the year 
2100 (approximate RCP 4.5–6.0 scenarios, Bopp et  al. 2013) without confounding dif-
ferences in water temperature, were located at 6–8-m water depth, and had a dimension 
of ~ 24 × 20 m each (Supplementary methods). The control sites represented current ambient 
pH levels and were situated ~ 25 m away from the vent sites. Studies undertaken over multi-
ple time points showed that the seawater chemistry (pH, pCO2 values) is relatively consist-
ent over time at the study sites (Nagelkerken et al. 2021). Temperature levels did not differ 
between vent (mean across years: 20.48 °C, table S1) and control (20.45 °C) sites. Vents 
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were characterised by a benthic community dominated by turf algae (< 10 cm in height), 
and the control sites comprised a mosaic of sparse kelp (Ecklonia radiata), turf macroalgae, 
and hard-substratum sea urchin barrens devoid of vegetation (Connell et al. 2018).

2.1.2  Test of anti‑predator behaviour

At natural  CO2 vents, species can move in and out of the vent areas, reducing their expo-
sure to elevated  CO2. Hence, antipredator behaviour was evaluated for the most common 
site-attached species of fish at the study site, which are continuously exposed to elevated 
levels of  CO2 at the vents due to their small home ranges of ~ 2  m2 (Syms and Jones 1999): 
common triplefin Forsterygion lapillum, crested blenny Parablennius laticlavius, Yald-
win’s triplefin Notoclinops yaldwyni, blue-eyed triplefin Notoclinops segmentatus, variable 
triplefin Forsterygion varium, and the scaly damselfish Parma alboscapularis (Supplemen-
tary methods). Antipredator responses were quantified at controls and at the  CO2 vents by 
simulating the approach of a potential threat to the fish (a metal ruler) while video record-
ing their escape behaviour, and measuring the startle distance at which fish initiated a flight 
response (see details in Nagelkerken et al. 2016) (Supplementary methods). In situ obser-
vations have shown that this closely mimics the startle distance to the approach of natural 
predators (Nagelkerken et al. 2017). All experiments were performed under animal ethics 
approval no. S-015-019 by the University of Adelaide Animal Ethics Committee.

2.1.3  Natural warming hotspots

The study sites were located along the coast of southeast Australia, which is considered a 
hotspot for ocean warming (Poloczanska et al. 2007; Figueira et al. 2009), where a latitudi-
nal temperature gradient occurs (spatial increase towards lower latitudes) with accelerated 
warming occurring at the higher latitudes (temporal increase with time) (Figueira et  al. 
2009). Fish were sampled during the summer of 2017 and 2018 at different sites across 
these latitudes to represent colder or warmer regions: two sites in South West Rocks; two 
sites in Port Stephens (warm region, 25.6 °C average summer temperature); four sites in 
Sydney (either a warm or cold region, depending on the fish affinity: warm for mado (Atyp-
ichthys strigatus) vs cold for brown tang (Acanthurus nigrofuscus) and convict tang (Acan-
thurus triostegus); 23 °C average summer temperature); and six sites distributed between 
Narooma and Merimbula (cold region, 20.1  °C average summer temperature). Samples 
were taken during summer when there is a consistent peak in recruitment of tropical fish 
species. The collected tropical species are considered vagrants and occur mainly during the 
summer months at the sampled sites (Booth et al. 2007).

2.1.4  Test of anti‑predator behaviour

Antipredator behaviour was tested using the same device and method as for the natural  CO2 
vents. These tests included juveniles of five fish species: the coral reef–associated species 
Acanthurus nigrofuscus (brown tang), Acanthurus triostegus (convict tang), and Abudefduf 
vaigiensis (Indo-Pacific sergeant), and the temperate species Atypichthys strigatus (mado) and 
Microcanthus strigatus (stripey) (Supplementary methods). The former three species are com-
mon range-extending coral reef fishes (Booth et al. 2018). All experiments were performed 
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under animal ethics approvalno. S-2017-002 (University of Adelaide) andETH17-1117 (Uni-
versity of Technology Sydney) and followed theUniversity’s animal ethics guidelines

2.2  Laboratory systems

A combination of large multi-species mesocosms and small single-species aquaria was 
used to test for behavioural responses in laboratory settings.

2.2.1  Mesocosm experimental design

Juvenile fishes were collected using a seine net along different coastal sites in the north-
ern part of the Spencer Gulf and the eastern coast of the Gulf St. Vincent, South Aus-
tralia, from September to October 2016. Three pelagic species, small-mouthed hardyhead 
(Atherinosoma microstoma), gold spot mullet (Liza argentea), yellow-eyed mullet (Aldri-
chetta forsteri), and four benthic species, southern longfin goby (Favonigobius lateralis), 
blue weed whiting (Haletta semifasciata), smooth toad fish (Tetractenos glaber), congolli 
(Pseudaphritis urvillii), were selected for the study (Supplementary methods). For the 
behavioural analyses, the two species of mullets were combined to one taxonomic group 
(see ‘Mesocosm behavioural experiments’ below). The selected seven species are very 
common across South Australia’s estuaries and coastal zones. Upon collection, fish were 
acclimated under ambient temperature and pH levels to tank conditions (73  l bins) for 
21 days. Subsequently, fish were transferred to outdoor circular mesocosms (1,800 l capac-
ity) where they were kept for 7 days. After the acclimation period, future climate conditions 
were simulated in a factorial design. A total of 12 mesocosms maintained four treatments 
(control, ocean acidification, elevated temperature, and the combined ocean acidification 
and elevated temperature), each with three replicates (Supplementary methods).

Seven individuals from each species were added to each mesocosm, with the excep-
tion of hardyheads for which a total of 14 individuals were added per mesocosm. Initially, 
the hardyheads were considered to represent two species, the small-mouthed hardyhead 
(Atherinosoma microstoma) and elongated hardyhead (Atherinosoma elongatum). After 
physiological examination, they were reconsidered as representing small-mouthed hardy-
heads (Atherinosoma microstoma) as derived from their single developed gonad and tooth 
patches on the tongue (Ivantsoff and Crowley 1996; Ye et al. 2015).

2.2.2  Mesocosm behavioural experiments

A set of behavioural responses were quantified for each species of fish in response to the 
experimental treatments after 40 days, i.e. activity levels, bite rate, and boldness. A 50-ml 
transparent vial with apertures on the sides and covered with mesh was placed in the mid-
dle of the mesocosm tank. The vial contained 25 live adult brine shrimps (Artemia salina) 
as visual cues, and a mixture of food (3 g of blood worms and 1.5 g of blended sardines, 
shrimp and squid) as olfactory cues. Around midday, fish behaviour was recorded from 
the top of the tank for 7 min (adopting the approach of Goldenberg et al. (2018) who also 
showed that 7 min is sufficient to establish behavioural differences under different climate 
treatments) using a GoPro™ Hero4 Silver camera attached to a PVC frame. Recordings 
were analysed using VLC (VideoLAN Organization) media player 2.1.3. A frame was over-
layed onto the computer screen and divided the field of view in eight areas. The behaviour 
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of individual fish was recorded  from the time it entered until it left the field of view. Each 
time a fish entered the field of view, it was considered a new individual. Activity level 
was measured as the percentage of time the fish spent swimming. Bite rate was estimated 
as the number of bites the fish took at the food vial per minute. Boldness was quantified 
as the percentage time a fish spent in the areas closest (arena area) to the vial. Due to the 
difficulty off differentiating between gold spot mullet and yellow-eyed mullet in the video 
analysis, they were categorised into one group as ‘mullets’. Experiments were performed 
under The University of Adelaide Animal Ethics Committee approval S-2016–087.

2.2.3  Aquarium experimental design

The southern longfin goby and the small-mouthed hardyhead were relocated from the 
mesocosm to the aquarium room and held in 40-l tanks for an additional 3.2 months. The 
quality of the seawater was maintained similar to the conditions of the mesocosms, but fish 
were kept separated by species (Supplementary methods). Due to space restrictions in the 
laboratory, only two species could be relocated. Behavioural experiments on these two spe-
cies were also done in aquaria (in addition to those in the mesocosms) to study behavioural 
responses in small tanks as typically used in climate change experiments on fishes.

2.2.4  Aquarium behavioural experiments

After 3.7 months of treatment exposure (combined mesocosm and aquarium conditions), fish 
activity levels and bite rates were tested inside the 40-l aquarium tanks. A 50-ml vial with 
the same characteristics as in the mesocosm experiments was placed in the middle of the 
tank. The vial contained the same visual (brine shrimps) and olfactory cues (food mixture) 
described in the mesocosm experiments. Fish behaviour was recorded remotely from the top 
of the tank for 7 min around midday (similar to the mesocosms), using either a Canon Legria 
HF-R406 or a Canon Legria HFM52 camera attached to a metal frame. Behaviour was then 
analysed from the videos using VLC media player 2.1.3 with a grid of eight squares overlap-
ping the tank arena. Activity levels were evaluated as the number of lines crossed by the fish 
per minute (Munday et  al. 2013), while bite rate was quantified as the number of bites at 
the food vial per minute. Boldness was quantified as the percentage time a fish spent in the 
areas closest to the vial (arena area). Due to some poorly focused videos, we were only able 
to evaluate 6 min of the recordings for southern longfin gobies and 5 min for hardyheads. 
Experiments were performed under The University of Adelaide Animal Ethics Committee 
approval #S-2016–165.

2.3  Physiological proxies

Physiological indicators were tested within both natural and laboratory systems (aquarium 
fish only). Because biomarkers, RNA/DNA ratios, and behaviour respond almost immedi-
ately to treatment effects, and because fish spent 3.2 months in the aquarium before tissue 
sampling, these measurements relate to the effects of the aquarium treatment conditions 
rather than those of the mesocosm.

Stress responses and condition of the fishes were evaluated by assessing different indi-
cators: total antioxidant capacity (TAC), lipid peroxidation or oxidative damage (MDA), 
RNA/DNA ratio, gonadosomatic index (GSI), hepatosomatic index (HSI), relative condi-
tion factor, and somatic growth.
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Fish muscle tissue (~ 25  mg for laboratory, ~ 4  mg for vents, and ~ 4.8  mg for natural 
warming natural systems) was used for the RNA/DNA ratio analyses. The D7001 ZR-
Duet™ DNA/RNA MiniPrep Kit (Zymo Research) was used for DNA and RNA extraction. 
RNA samples were treated with the E1010 DNase I Set (250 U) w/ DNA Digestion Buffer 
to avoid contamination from DNA into RNA samples. A Quantus Fluorometer was used to 
quantify the concentration of DNA and RNA from the fish muscle samples. To adjust the 
quantified value to the weight of the sample, we obtained the total weight of DNA or RNA 
sample and divided this by the weight of the tissue sample:

Fish muscle tissue (~ 100 mg for laboratory, ~ 15 mg for vents and natural warming sys-
tems) was also used to prepare a 10% tissue homogenate in an ice bath, and subsequently 
used to assess total antioxidant capacity (TAC) and malondialdehyde concentration (MDA, 
indicative of oxidative damage). Coomassie blue staining method was used to quantify the 
protein concentration in the 10% tissue homogenate. Assay kits purchased from Nanjing 
Jiancheng Bioengineering Institute, China, were used to evaluate TAC (CAT no: A015-1) 
and MDA concentration (CAT no: A003-1), following the manufacturer’s manuals.

The energy reserves of aquarium fishes were calculated based on the hepatosomatic index 
(HSI). The HSI was calculated based on the wet weight of the liver and of the entire fish:

Liver wet weight was used to estimate the reproductive investment of fishes from the 
natural systems.

Body condition was calculated for each fish individually using the relative condition 
factor Kn (Le Cren 1951):

where w is the observed body weight and W is the theoretically estimated weight:

where L is the body length, a is the intercept, and b is the slope. The values of a and b were 
estimated from log transformed values of weight and length.

For the vent systems, condition could only be estimated for the common triplefin (samples 
from 2017). Mesocosm and aquarium fish condition was tested at the end of each experiment.

2.4  Statistical analyses

We constructed frequency-distribution plots for all the behavioural and physiological 
responses in order to visualise the distribution of phenotypes across controls vs  CO2 or 
temperature treatments, respectively. We used a two-sample Kolmogorov–Smirnov test, 
using the KS-test function in R-Studio v.3.6.0, to test if the control data came from popula-
tion distributions of the same shape as those from the climate treatments.

Linear models (LM) and generalised linear mixed models (GLMM) were used to test if 
additional variables affected the behavioural and physiological traits. One model was per-
formed for each behavioural and physiological trait for the natural  CO2 vents, for the natural 
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warming sites, and for both mesocosms and aquaria. Assumptions were tested with fitted 
residual and normality plots. Where assumptions were not met we used a Gamma distribution. 
We tested the importance score of each variable using a multimodel inference, with a variable 
importance threshold of 80% (Calcagno and de Mazancourt 2010). Likelihood ratio tests and 
Chi-square test were used for GLMM’s and LM’s, respectively, to evaluate differences among 
treatments, species, and sites (only for natural  CO2 vents and natural warming), and the inter-
action between treatments and species.

To test for species variability between control and natural sites or laboratory treatments, 
we calculated the standard deviation (SD) for boldness of each tested species for both the con-
trol and climate treatments. Subsequently, for each system, the mean SD of boldness across 
species was compared between control and treatments using a t-test  (CO2 vents, and natural 
warming locations) and an ANOVA test (aquarium, mesocosm) using the t.test and aov func-
tion respectively in R-Studio v.3.6.0. This test was only performed for boldness as this was 
the only behaviour that was affected across the majority of species. Additionally, the mean, 
median, and standard deviation of boldness were compared for each species between controls 
and climate treatments. A t-test was used to compare the means of  CO2 vents and natural 
warming regions, while the F-test was used to compare their standard deviations. For the labo-
ratory conditions, the means were compared using an ANOVA and Levene’s test for standard 
deviations. Furthermore, fish densities were measured for each focal species at the natural sys-
tems  (CO2 vents and warming systems) by visually counting the number of individuals per 
unit area within belt transects (Nagelkerken et al. 2017; Ferreira et al. 2018).

We calculated the ratio of density change by dividing the density of fishes at naturally ele-
vated  CO2 or elevated temperature by their respective density at controls. Similarly, we esti-
mated the ratio of change in boldness (i.e. mean startle distance at  CO2 vents or warming 
systems divided by that at the controls). We tested the relationship between the change in fish 
density and change in startle distance using least squares linear regression and calculated the 
R2 of the fitted regression line in R-Studio v.3.6.0. We tested for outliers using Cook’s distance 
(Cook and Weisberg 1984).

3  Results

Elevated  CO2 drove an increase in frequency of occurrence of bolder individuals rela-
tive to present-day conditions. This pattern was consistent for natural  CO2 vents (four 
out of six species, Figs. 1A-E, S2A–B, Table S7) and laboratory aquarium conditions 

Fig. 1  Boldness frequency distributions of fish from natural  CO2 vent systems (A–E), aquaria (F), mes-
ocosms (G–I), and natural warming hotspots (J–K). The x-axis shows a gradient in boldness with shyer 
individuals positioned towards the left-hand side and bolder individuals toward the right-hand side of each 
graph, respectively. For natural  CO2 vents (A–E) and natural warming hotspots (J–K), boldness was meas-
ured as flight initiation distance (cm) towards an approaching artificial threat (see supplementary methods). 
For aquarium and mesocosms (F–I), boldness was measured as percentage of time spent (sec.) close to an 
experimental food source. Only graphs showing significant differences among distributions are presented; 
see Supplementary material for all other graphs. Coloured areas indicate loss or gain of phenotypes. Grey 
shade: control and cold (at natural warming sites); diamond pattern: elevated  CO2; diagonal lines: elevated 
temperature; area with squares: combined elevated  CO2 and temperature. C: control, OA: ocean acidifica-
tion, T: elevated temperature, OAT: combined elevated  CO2 and elevated temperature. Natural warming, C: 
cold, W: warming. n—number of individuals; p—p-value; ∆—difference between control (or colder seawa-
ters in natural systems) and the climate stressor (temperature or pCO2). See Table S6 for full scientific and 
common species names

▸
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(one out of two species, Fig.  1F, S2C–F). For all these observations, zero to very 
few shyer individuals remained under elevated  CO2 conditions. This pattern was not 
observed for species from mesocosm systems, where boldness distribution was either 
similar between elevated  CO2 and control conditions (five out of six species, Figs. 1H–I, 
S2D–F, Table S7), or was reduced under elevated  CO2 (one species, Fig. 1G, Table S7). 
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The GLMM test showed that for natural vents,  CO2 treatment was a significant explana-
tory variable for boldness, as well as its interaction with species (Fig. S10a, Table S8).

Fish exposed to warmer environments in natural and laboratory systems presented 
three main responses in the distribution of their boldness phenotypes. First, in cases 
where their distributions shifted towards an increased frequency of occurrence of 
bolder individuals combined with a reduced frequency of shyer phenotypes (one out 
of five species at natural warming systems; Figs. 1J, S2G–I, and one out of two species 
in aquarium systems; Figs.  1F, S2C, Table  S7). Second, in cases where the range of 
responses in boldness was narrowed, we observed a loss of both shyer and bolder indi-
viduals (one out of five species at natural warming systems; Fig. 1K), and consequently 
a peak of phenotypes with medium boldness values. Third, where there was an increase 
in the frequency of occurrence of shyer individuals and a reduced frequency of bolder 
individuals (two out of six species in mesocosms, Fig. 1H, I, Table S7). Fish exposed 
to the combination of elevated  CO2 and warming in aquaria and mesocosms generally 
showed a distribution similar to that of the controls (Figs. 1G–I, S2C–F, Table S7), or 
were positioned in between that of elevated temperature and elevated  CO2 in isolation 
(Fig. 1F). The linear model tests showed that for natural warming systems, site was the 
best explanatory variable for boldness behaviour (Table S10).

For natural systems, within-species phenotypic variance for boldness (Table  S6) 
was lower at  CO2 vents (p = 0.049, Fig. 2A) and natural warming hotspots (p = 0.024, 
Fig.  2B) compared to controls (ambient  CO2 and colder water temperature, respec-
tively), but this reduction was not observed under any of the laboratory conditions (mes-
ocosm or aquarium, Fig. 2C, D).

There was a significant linear relationship between boldness at  CO2 vent sites and 
the density of the fish (R2 = 0.866, p = 0.007, Fig. 3A; Table S5) when a detected outlier 
was removed from the analysis (see Table  S4  for results with complete data set). For 
natural warming sites, increased boldness resulted in increased densities for 3 out of 5 
species, but no significant linear relationship was found (Tables S4, S5). The frequency 
distribution of phenotypes of other behavioural traits (activity levels and feeding rate, 
Figs.  S3, S4, Table  S7) and of various physiological proxies (body relative condition 
factor, total cellular antioxidant capacity, cellular oxidative damage, RNA/DNA tissue 
ratios, and liver weight or hepatosomatic index; Figs. S5–S9, Table S7) generally did 
not differ between control and treatment conditions (temperature or elevated  CO2 or 

Fig. 1  (continued)
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their combination), either in natural or laboratory systems. There were a few excep-
tions to this observation, but these did not present any consistent patterns (Figs. S3–5, 
Table S7).

Fig. 2  Change in mean variability (1 SD) of boldness phenotypes within species at controls and treatments 
for (A) natural  CO2 vents, (B) natural warming hotspots, (C) mesocosms, and (D) aquaria. C: control; OA: 
ocean acidification, T: elevated temperature; OAT: combination of ocean acidification and temperature. 
Error bars represent standard deviation (across species)
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Fig. 3  Increases in fish densities in the wild as a function of increased fish boldness for natural analogues 
of climate stressors. (A) volcanic  CO2 vents (one outlier removed); (B) natural warming hotspots. Each dot 
represents a different species. Fitted regression lines with associated R2-values and p-values are shown (see 
also Tables S4, S5 for statistical outputs)
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4  Discussion

We reveal an increase in risk-taking phenotypes (bolder individuals) among fishes exposed 
to ocean acidification and warming, with little change in seven other behavioural and phys-
iological phenotypic traits. At least five out of twelve fish species experienced a shift in 
their trait distribution towards bolder phenotypes when exposed to elevated  CO2, with a 
consequent loss of shyer individuals. When faced with elevated temperature, however, spe-
cies showed a dual response comprising losses (Atypichthys strigatus, Tetractenos glaber, 
Atherinosoma microstoma in mesocosm) as well as gains (Acanthurus nigrofuscus, Atheri-
nosoma microstoma in aquarium) of bold phenotypes. Likewise, laboratory studies based 
on short-term exposures have shown increases (Munday et al. 2010; Biro et al. 2010) and 
decreases (Hamilton et al. 2013; Rossi et al. 2015) in boldness under ocean acidification 
and ocean warming. In contrast, the frequency distribution of phenotypic traits related to 
feeding and physiology was similar under future climate and control conditions across all 
study systems, with the exception of a few species. In the wild, there was furthermore a 
reduction in population-level phenotypic variance for boldness in naturally acidified and 
warming environments. These results suggest that environmental filtering of phenotypes 
occurs under ocean acidification and warming, but is likely more readily observed in wild 
populations that are exposed to climate stressors for the majority of their life.

Populations with a greater proportion of bolder individuals occurred in localities of 
natural ocean warming and acidification. Rather than suffer poorer body condition, indi-
viduals within these populations were more densely packed within natural  CO2 or warmed 
systems. Bolder individuals are often more active, dominant, and successful in acquiring 
food and other resources than their shyer counterparts (Ariyomo and Watt 2012). When 
competing for resources in a changing environment, populations with bolder individuals 
could outcompete and outgrow other populations in which risk-taking behaviour is not 
altered (Kua et  al. 2020). Outcompeting shyer individuals for food resources could have 
allowed bolder organisms to maintain their fitness (Kua et al. 2020) at the ocean warming 
and acidification sites. Bolder individuals often show positive somatic growth, although 
their risk of predation increases at the same time (Smith and Blumstein 2008). The natural 
 CO2 vent sites used in this study had reduced densities of predators compared to control 
sites (Nagelkerken et  al. 2016, 2017), providing a potential survival advantage to bolder 
fishes under elevated  CO2. The scarcity of predators at  CO2 vents and the increase in 
food resources could have aided individuals in maintaining their physiological homeosta-
sis (Thomsen et al. 2013; Ramajo et al. 2016; Gobler et al. 2018). In environments with 
high quantities of food, mobile organisms require less time searching for food resources 
(Biro et al. 2003), and this allows them to maintain their energy reserves. Likewise, high 
food availability can buffer against oxidative damage at cellular levels, by providing sup-
plemental energy to enhance the body’s antioxidant capacity and prevent oxidative stress 
(Rodriguez-Dominguez et al. 2019). Hence, under elevated  CO2, an increase in bolder phe-
notypes could confer the species with greater growth or reproductive success (Nagelkerken 
et al. 2021), and a competitive advantage for resources over species that do not show such 
shifts in boldness, ultimately increasing the population size of species that show positive 
phenotypic adjustments to ocean acidification.

Wild populations under present-day conditions had greater variability in boldness phe-
notypes compared to those subjected to elevated  CO2 or elevated temperature. This was 
not observed in laboratory systems, possibly due to a difference in species studied, but 
more likely due to shorter treatment exposure times and/or a smaller selection of possible 
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phenotypes that could fit within the space-limited laboratory tanks. Contrary to our results, 
O’Dea et al. (2019) reported an increase in phenotypic variability in fishes at higher tem-
peratures in their meta-analysis, although they only analysed studies performed under 
laboratory conditions. Possibly, this was caused by an increased frequency of rare phe-
notypes under warming in aquarium experiments (O’Dea et al. 2019), with many of such 
phenotypes unlikely to persist in the wild. In nature, species interactions and environmental 
factors can pose selective pressure on phenotypic traits (Sobral et al. 2013). When facing 
environmental change, the degree of phenotypic variability affects the viability of a popu-
lation, as a wider range of available phenotypes are more likely to hold a particular plas-
tic response needed in novel or changing environments (Brown et al. 2007; Ariyomo and 
Watt 2012). As a result, the narrowing of phenotypic variability in the wild can negatively 
influence populations across evolutionary through ecological scales (Ariyomo and Watt 
2012), by reducing the breath of adaptive phenotypes that are suited to future environments 
altered by additional natural or anthropogenic disturbances. As such, populations where a 
phenotypic trait is favoured in the environment will face greater risk of decline if natural 
conditions change, either by climate-related or human stressors.

Risk-taking behaviour was the only trait that was consistently altered in its frequency 
distribution across climate change stressors and across a variety of species. At naturally ele-
vated  CO2 vents, risk-taking phenotypes were distributed toward bolder behaviours. Over 
generations, if a trait in a population is favoured towards one end of the phenotypic distri-
bution, directional selection can occur (Breed and Moore 2012), resulting in a decrease in 
population variance, and a change in the mean value of the trait (Kingsolver and Pfenning 
2007, Sanjack et al 2018). Selection of a phenotype will only lead to evolutionary changes 
if the trait is heritable (Kingsolver and Pfenning 2007). Boldness is known to be a highly 
heritable trait (Ferrari et  al. 2016), and therefore environments where climatic stressors 
are continuously facilitating bolder phenotypes might experience positive selection towards 
this trait when individual fitness is enhanced. Phenotypic variability in a population allows 
for the initial selection of particular traits that provide an advantage within the new condi-
tions, but when these advantageous traits are consistently selected in the new environment, 
they become increasingly dominant in the population, thereby reducing the overall pheno-
typic variability.

Modification of fish behaviour in a changing environment can have direct or indirect 
effects on demographic parameters, and in turn alter population dynamics (Wong and 
Candolin 2015). Changes towards bolder behaviour could allow species to access more 
resources than their shyer competitors and in turn modify species interactions. Selection 
towards a larger trait value or a change in its frequency distribution can also modify the 
patterns of species interactions and natural selection (Bolnick et al. 2011), irrespective of 
its heritability. Thus, due to the different effects that climate change exerts on fish spe-
cies and the narrowing of risk-taking phenotypic variation, the strength of interactions 
in the community can be altered in a future climate scenario. Differences in behavioural 
responses across species can change the strength and nature of their interactions, such as 
predation and competition (Wong and Candolin 2015), given that behavioural responses 
of one species can be linked to the ecological and selective environment of other species 
(Wolf and Weissing 2012). Consequently, differential shifts in the distribution of bolder 
phenotypes across species under changing environments could have an indirect impact on 
the structure of species communities, through reductions of less dominant species.

Understanding how phenotypic plasticity alters species adjustments to climate change 
is key to recognising their capacity to acclimate and persist under future environments. 
We demonstrate that global change can modify and narrow the distribution of bolder 
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phenotypes in fishes, particularly under ocean acidification. Future changes in climate can 
put populations under selective pressure and modify the community structure of species. 
Consequently, altered distributions of shyer and bolder behavioural phenotypes can modify 
the interaction between species, strengthening the dominance of some species over others, 
and opening a pathway towards more homogenised communities.
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