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E�ects of elevated CO2 on fish behaviour
undiminished by transgenerational acclimation
Megan J. Welch1,2*, Sue-AnnWatson1, Justin Q. Welsh2, Mark I. McCormick1,2 and Philip L. Munday1,2

Behaviour and sensory performance of marine fishes are
impaired at CO2 levels projected to occur in the ocean in
the next 50–100 years1–5, and there is limited potential
for within-generation acclimation to elevated CO2 (refs 6,7).
However, whether fish behaviour can acclimate or adapt
to elevated CO2 over multiple generations remains unan-
swered. We tested for transgenerational acclimation of reef
fish olfactory preferences and behavioural lateralization at
moderate (656µatm) and high (912µatm) end-of-century
CO2 projections. Juvenile spiny damselfish, Acanthochromis
polyacanthus, from control parents (446µatm) exhibited an
innate avoidance to chemical alarm cue (CAC) when reared
in control conditions. In contrast, juveniles lost their innate
avoidance of CAC and even became strongly attracted to
CAC when reared at elevated CO2 levels. Juveniles from
parents maintained at mid-CO2 and high-CO2 levels also lost
their innate avoidance of CAC when reared in elevated CO2,
demonstrating no capacity for transgenerational acclimation
of olfactory responses. Behavioural lateralization was also
disrupted for juveniles reared under elevated CO2, regardless
of parental conditioning. Our results show minimal potential
for transgenerational acclimation in this fish, suggesting that
genetic adaptationwill be necessary to overcome the e�ects of
ocean acidification on behaviour.

Experiments and field studies have shown that the sensory
performance and behaviours of marine fishes are impaired when
they are exposed to CO2 levels projected to occur in the ocean
by the end of this century1,2,4,5,7. Changes include altered activity
levels, loss of behavioural lateralization, inability to learn, slowed
visual acuity, and altered auditory and olfactory preferences3,8–10.
These behavioural alterations have significant effects on ecological
processes, such as predator–prey2,11 and competitive interactions12,
that may have far-reaching implications for population
replenishment, community structure and ecosystem function. Of
particular concern are behavioural changes that can increase the risk
of predation in juvenile fishes, such as reduced response to chemical
alarm cue (CAC) and predator odour11,13, and impaired cognitive
function14,15. The underlying mechanisms of these behavioural
changes appear to be the interference with neurotransmitter
function in the fish brain caused by elevated CO2 levels5,15,16. A
major unanswered question, however, is whether fish behaviour
can acclimate or adapt17 to higher CO2 over coming decades.

Long-term experiments and studies at natural CO2 seeps
indicate that behavioural impairment persists even when fish are
permanently exposed to elevated CO2 for weeks to months6,7.
This suggests that there is limited potential for within-generation
acclimation of impaired behavioural responses. Furthermore, the
greatest risk of predation for coral reef fishes occurs during the

first few days of settlement to the reef18, and there is no evidence
that acclimation of behaviour to elevated CO2 occurs during this
crucial life phase2,6. More promising, however, is new evidence
of transgenerational acclimation to ocean acidification, where
exposure of parents to higher CO2 levels confers benefits to their
offspring in a high-CO2 environment19–21. For example, effects of
elevated CO2 on the metabolic rate, growth and survival of juvenile
anemonefishAmphiprionmelanopuswere absentwhen their parents
were also reared under high-CO2 (ref. 19). Furthermore, the effects
of elevated CO2 on the kinematics of predator-escape responses
in juvenile anemonefish were less pronounced when parents
experienced the same high-CO2 environment as the offspring22.
These studies indicate that transgenerational acclimation can be
a powerful mechanism by which some organisms may be able to
adjust to projected future environmental changes, such as ocean
acidification. Yet, the potential for transgenerational acclimation to
overcome the negative consequences of rising CO2 on olfactory and
cognitive impairment in reef fishes has not been tested.

We tested for transgenerational acclimation of coral reef fish
behaviour at CO2 levels projected to occur in the ocean during
this century under mid-CO2 (656 µatm) and high-CO2 (912 µatm)
CO2 emissions scenarios23. We used a fully factorial design,
where breeding pairs of the spiny damselfish, Acanthochromis
polyacanthus, were reared in present-day control conditions
(446 µatm) or one of the two elevated CO2 treatments (mid and
high) (Supplementary Fig. 1 and Table 1). Clutches of newly hatched
offspring from these breeding pairs were then divided equally into
control, mid-CO2 and high-CO2 treatments (Supplementary Fig. 2),
and reared for 40–45 days before testing (Supplementary Fig. 1
and Table 1). This design enabled us to test for acute effects of
elevated CO2 on the behaviour of juvenile fish and the potential
for mitigation of these effects when parents were maintained in
elevated CO2 conditions. This design also allowed us to distinguish
if cross-generation CO2 conditioning had additional negative
influences on fish behaviour, or if there were carry-over effects
when offspring from mid- and high-CO2 parents were hatched
into control conditions. Multiple clutches from each breeding pair
were tested to examine the consistency in behavioural responses
(Supplementary Table 2). We tested olfactory preferences and
behavioural lateralization in juveniles, as these are two of the
most commonly affected behaviours in marine fishes exposed to
elevated CO2 (refs 4,6,13–15), and are key to predator avoidance
and survival of juvenile fishes.

As expected, juveniles from control parents that were reared in
present-day control conditions strongly avoided chemical alarm cue
(CAC) when presented in a two-channel choice flume, spending
less than 10% of their time in the water stream containing CAC
(Fig. 1). In contrast, juveniles from control parents that were reared
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Figure 1 | Preference of juvenile fish for water streams containing
chemical alarm cues presented in a two-channel flume chamber. Juvenile
fish from control (446 µatm), mid-CO2 (656 µatm) and high-CO2
(912 µatm) parental treatments, that had been reared in the same three
CO2 treatments (Supplementary Fig. 2), were given the choice of untreated
water or water with conspecific chemical alarm cues (CAC). The graph
shows mean percentage time (±s.e.m.) spent in the CAC water stream.
Letters above bars represent Tukey’s HSD groups. Less breeding occurred
at high-CO2, resulting in a smaller sample size of juveniles for this group
(Supplementary Table 2).

in elevated CO2 treatments exhibited strikingly different responses
(F2,1077=291.17, p<0.01). Control-bred juveniles reared undermid-
CO2 spent 50%of their time on average inCACwater, while control-
bred juveniles reared at high-CO2 became strongly attracted to
CAC, spending nearly 80% of their time in the cue (Fig. 1). These
results are consistent with previous studies testing the effect of
elevated CO2 on olfactory preferences in juvenile fishes1,13,24.

Maintaining parents in elevated CO2 did not affect the response
of their offspring to elevated CO2, regardless of parent treatment
(F2,1077 = 2.18, p > 0.05, Fig. 1). Consequently, there was no
transgenerational acclimation of olfactory behavioural responses.
On average, juveniles reared at mid-CO2 spent approximately
50% of their time in CAC water, and juveniles reared at high-
CO2 spent 75–80% of their time in CAC water, regardless of
the parental CO2 treatment. The attraction to CAC exhibited by
juveniles from mid-CO2-treated parents that were reared at high-
CO2 was slightly less than the juveniles from control parents reared
at high-CO2 (Fig. 1); however, the magnitude of the difference
was minor in comparison with the marked change in response
to CAC exhibited by all juveniles reared in the elevated CO2
treatments versus juveniles reared in control conditions (Fig. 1).
Offspring from mid- and high-CO2 parents that were reared in
control conditions had a significantly greater attraction toCAC than
offspring from control parents reared in control conditions (Fig. 1),
demonstrating a carry-over effect of parentalmid- and high-CO2 on
offspring behaviour. There was no significant effect of parent pair
(F14,1044=1.41, p> 0.05) or clutch number (F3,1044= 1.65, p> 0.05)
on the olfactory responses.

To assess behavioural lateralization we measured turning pref-
erence in a custom-built maze14. Absolute lateralization (LA) is an
index of lateralization strength irrespective of direction, where an LA
of zero represents an equal proportion of turns to the right and to the
left, and an LA of 100 represents all turns in the same direction.Mean
LA among individuals decreased in elevated CO2 treatments com-
paredwith controls (Fig. 2). Juveniles from control parents that were
reared in control conditions were over 60% lateralized. In contrast,
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Figure 2 | Absolute lateralization (LA) for juvenile fish presented with a
T-maze choice chamber. Juvenile fish from control (446 µatm), mid-CO2
(656 µatm) and high-CO2 (912 µatm) parental treatments, that had been
reared in the same three CO2 treatments (Supplementary Fig. 2), were
allowed to choose to turn left or right for a total of 20 turns. The graph
shows mean LA (±s.e.m.) calculated from relative lateralization (LR) values
for each individual. Letters above bars represent Tukey’s HSD groups. Less
breeding occurred at high-CO2 level, resulting in a smaller sample size of
juveniles for this group (Supplementary Table 2).

lateralization for juveniles from control parents dropped below 40%
when reared at mid-CO2 and below 35% when reared at high-CO2
(Fig. 2). Offspring frommid-CO2 parents showed a similar trend to
those from control parents, with offspring less lateralized at higher
CO2 levels (Pearson Chi-square test, p< 0.001). Offspring from
high-CO2 parents exhibited a slight increase in LA compared with
juveniles from control parents reared at high-CO2, but their overall
lateralization was still significantly lower than present-day controls
(Fig. 2). These results indicate that transgenerational acclimation
does not ameliorate the effects of elevated CO2 on turning prefer-
ences in juvenile fishes, although juveniles from parents exposed
to the highest CO2 level (912 µatm) were slightly less affected by
elevated CO2 than juveniles from control parents.

As observed for the olfactory preferences, there was a carry-
over effect of parental elevated CO2 for offspring reared in con-
trol conditions (Fig. 2), where LA was reduced compared with
control-bred offspring reared in control conditions. There was
no effect of breeding pair on LA, indicating that all pairs pro-
duced similar behaving offspring amongst CO2 treatment groups
(F14,26=2.076, p>0.5). Clutch order nested within breeding pair
was significant (F26,1677=2.97, p<0.001), with individuals reared
under high-CO2 conditions showing a slight increase in lateraliza-
tion in later clutches. Juveniles reared under control and mid-CO2
conditions showed no consistent trend in relation to clutch order.

Further examination of turning preference using relative
lateralization (LR) revealed a left-turn bias was prominent in
control-reared juveniles (Supplementary Fig. 3a). At higher CO2, LR
shifted right, towards a value of zero, indicating a less pronounced
left-turning preference (Supplementary Fig. 3b,c). As observed for
LA, parental exposure to high-CO2 reduced the magnitude of the
effect of elevated CO2 on LR in juveniles; nevertheless, there was
still a shift in mean LR towards zero (Supplementary Fig. 3g–i),
demonstrating that transgenerational acclimation did not restore
the bias in turning direction found in present-day conditions.
There was also a clear carry-over effect of elevated CO2, with
control-reared juveniles exhibiting a reduced left-turn bias if their
parents were exposed to elevated CO2 (Supplementary Fig. 3d,g).
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Our results show that impaired sensory and cognitive functions
in juvenile reef fish caused by a high-CO2 environment are not
reversed or ameliorated by parental exposure to the same high-
CO2 levels as the offspring. Like many reef fish, A. polyacanthus,
have an innate ability to recognize chemical alarm cues, as well as
a tendency to be behaviourally lateralized, but these capabilities are
lost when juveniles are exposed to CO2 levels projected to occur
over the next 50–100 years, as previously demonstrated in other reef
fish species1,13,14,24. These behaviours are essential for daily survival
of a coral reef fish, especially in early life-history stages when
predation risk is greatest18. Impaired behaviours under elevated
CO2 levels suggest increased mortality that could affect population
sustainability2. Transgenerational acclimation can restore metabolic
and growth rates in reef fish exposed to elevated CO2 (ref. 19), but
our results show that transgenerational acclimation does not restore
key sensory and behavioural traits.

Appropriate predator avoidance behaviour in response to alarm
cues is essential for the survival of reef fish, especially young
juveniles who are more prone to predation25. Alarm cues are
chemical compounds released into the water when the epidermal
tissue is damaged, such as during a predator attack26,27. Juvenile
fish have an innate response to the presence of conspecific CAC,
rapidly reducing activity levels and seeking shelter in the presence of
evenminute traces of CAC. The attraction to conspecific alarm cues
observed in CO2-reared offspring, regardless of parental treatment,
could lead to significantly higher mortality among juvenile fishes
as CO2 levels rise in the ocean. Critically, our results indicate that
exposure of parents to higher CO2 levels does not improve the
behavioural responses of juveniles to CAC when reared at elevated
CO2. The carry-over effects from high-CO2 parents for juveniles
reared in control conditions further indicate that parental exposure
to high-CO2 does not have a beneficial effect on the behaviour of
their offspring. There was no effect of parental breeding pair or
clutch number on olfactory responses, suggesting that the responses
observed here are widespread and not confined to some breeding
pairs or parts of the reproductive season.

Lateralization is another fundamental behaviour for many reef
fishes. Gregarious individuals depend on lateralization for group
coordination28, especially in defence or escape from a predator.
Furthermore, individuals show a higher tendency for lateralization
in high-predation locations than those in low-predation locations28.
Behavioural lateralization is believed to reduce decision-making
time, which is especially important in a life-threatening situation
such as a predator encounter. Behavioural lateralization is also
closely linked to visual assessment29 and cognitive function30, both
of which are affected by elevated CO2 (refs 10,15). We observed
a loss of lateralization at projected future CO2 levels that was
not ameliorated across generations, which suggests that predator
avoidance might be impaired in a future high-CO2 environment.
A. polyacanthus forms loose schools and is not as gregarious as
some other marine fishes; consequently, the effects of changed
lateralized behaviour may be less for this species than for highly
gregarious species. The partial improvement in lateralization for
juveniles from high-CO2 parents that were reared at high-CO2 is
consistent with partial acclimation of some kinematic traits involved
in predator-escape responses observed in the only other study22
to examine transgenerational acclimation of behavioural traits to
high-CO2. Our results show that while there may be some partial
improvement in behavioural traits linked to cognitive performance,
such as lateralization, negative effects are not fully ameliorated
by parental exposure to elevated CO2 in this species. Moreover,
other highly maladaptive behavioural effects, such as attraction to
conspecific alarm cues, exhibit no transgenerational acclimation.

Miller et al.19 observed complete restoration of metabolic traits
in juvenile reef fishes when their parents were exposed to the
same high-CO2 levels. In contrast, we observed no improvement

in olfactory-mediated behaviour and only limited improvement in
behavioural lateralization when both parents and offspring were
exposed to elevated CO2. This suggests that metabolic traits may
have greater potential than behavioural traits for transgenerational
acclimation to elevated CO2. Behavioural changes at elevated CO2
appear to be a result of the interference with the function of GABAA
neurotransmitter receptors5,15,16. It is possible that the functioning
of GABAA receptors is less plastic16 than metabolic pathways in reef
fish19, thus limiting the potential for transgenerational acclimation;
however, this hypothesis requires further investigation. A further
intriguing result was the carry-over effect observed in juveniles from
mid- and high-CO2 parents when reared in control conditions. This
could suggest an epigenetic effect due to prior CO2 exposure, either
directly on GABAA receptor function, or on acid–base regulatory
process that control ion gradients across receptor membranes.
Because eggs developed in the same CO2 conditions as parents
before juvenileswere transferred to control conditions, an epigenetic
effect could be developmental or transgenerational. Further studies
are needed to determine the mechanisms involved.

In conjunction with the lack of transgenerational acclimation
for abnormal olfactory and lateralization responses seen in this
study, there is no evidence for within-generation acclimation of
behaviour to high-CO2 in fish6. Therefore, genetic adaptation
will be necessary to overcome these behavioural impairments as
CO2 levels rise in the ocean. Previous studies have reported a
bimodal distribution of individual responses to predator odour at
intermediate CO2 levels, with some individuals strongly attracted
to the cue whereas others remain repelled2,7. We did not observe
a bimodal response of individuals to CAC in either of the elevated
CO2 treatments as found by previous studies; however, therewas still
some variation among individuals in all the experimental conditions
that could be important for future adaptive responses. Selection
of CO2-tolerant behavioural phenotypes has been observed in
field-based experiments31, yet whether the phenotypic variation
is heritable remains unknown. Determining the heritability of
individual variation in CO2 sensitivity is a priority for future
research, as it would provide the opportunity for genetic adaptation
to higher CO2 levels. If reef fish behaviour does not adapt to
rising CO2 levels there could be serious implications for population
dynamics and the function of marine ecosystems.

Methods
Olfaction. Response to chemical alarm cue (CAC) was tested in a two-channel
choice flume (13 cm× 4 cm) as used in previous studies1,13. The flume
combination was conspecific chemical alarm cue versus untreated water. Water
from the two different sources was gravity fed into the choice flume, which is
divided down half of its length. A constant flow rate of 100mlmin−1 was
maintained and monitored using a flow meter and dye test after every water
change. Water chemistry in the flume matched the rearing condition for each
juvenile and was consistent with seawater parameters during the breeding season
(Supplementary Table 1).

To produce CAC, control donor fish were euthanized with a quick blow to
the head. Superficial cuts were made along the sides of the donor fish and then
rinsed with 15ml of treatment water24. This water was collected and immediately
mixed with 10 l of treatment water in the tank used to supply CAC to the flume.
This ensured a consistent concentration of fresh CAC for the duration of each
trial. A ratio of one donor fish to one test fish was used.

For each trial, a single test fish was placed in the centre of a downstream end
of the choice flume (Supplementary Information) and given a 2min acclimation
period. The position of the fish was then recorded every five seconds for a total of
2min. A rest period of 3min followed, during which time the water sources were
switched to eliminate potential side preferences. The entire acclimation and trial
process was then repeated. Fish from the first three clutches from each breeding
pair were tested, except for one breeding pair in high-CO2 that produced only
one clutch (Supplementary Table 2). Ten fish from each clutch were tested per
CO2 treatment, for a total of thirty fish per clutch. Each fish was only used once.

Lateralization. A T-maze was used to test lateralization. Dimensions were based
on those used by Domenici et al.14 (60 cm× 30 cm× 20 cm), with a runway in
the middle (25 cm× 3 cm, length×width), and at both ends of the runway
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(3 cm ahead of the runway) an opaque barrier (12 cm× 12 cm× 1 cm) was
positioned perpendicular to the runway. Water depth in the maze was
4 cm and matched the CO2 chemistry in which the fish were reared
(Supplementary Table 1).

A single fish was placed at one end of the T-maze (Supplementary
Information) and given a 5min habituation period, during which time it could
explore the apparatus. At the end of the habituation period the fish was gently
guided to the beginning of the runway and left to swim along the runway until
reaching the perpendicular barrier. Direction choice was recorded, with the
criterion for choice being the first turning direction when the fish exited the
runway. Twenty runs were recorded per fish. The first three clutches from each
breeding pair were tested, except for one breeding pair in high-CO2 that
produced only one clutch (Supplementary Table 2). Fifteen fish from each clutch
were tested per CO2 treatment, for a total of 45 fish per clutch. Each fish was only
used once. To account for any possible asymmetry in the maze, turns were
recorded alternately on the two ends of the runway14.

Data analysis. A total of 1,085 individuals were tested for changes in olfactory
behaviour. A linear mixed effects model (LME) was used to test for
transgenerational acclimation in offspring’s responses to elevated CO2. Percentage
time in the CAC-water was arcsine-transformed before analysis to improve the
distribution of the proportional data. Parental pair was included as a fixed factor
in the model, while clutch number was a random factor nested within parental
pair. A two-factor univariate LME was used to test for an effect of parental
treatment, offspring treatment, and an interaction effect. Parental and offspring
treatments were fixed factors in the models. A Tukey’s HSD post hoc test was
used to compare treatment means and identify homogeneous grouping
among treatments.

A total of 1,728 individuals were tested in the lateralization experiments.
Both absolute and relative lateralization were calculated and used to analyse
potential for transgenerational acclimation14. The absolute lateralization index
(LA) of each fish was calculated to determine the strength of lateralization
amongst individuals, regardless of a turning bias.

The absolute lateralization (LA) of individuals was compared among
treatments using LME models. Parental pair was included as a fixed factor in the
model, with clutch number as a random factor nested within parental pair. A
two-factor univariate LME was used to test for an effect of parental treatment,
offspring treatment, and an interaction effect. Parental and offspring treatments
were fixed factors in the models. A Tukey’s HSD post hoc test was used to
compare treatment means and identify homogeneous grouping among treatments.
Transformations were not able to rectify the heterogeneity of variances in the
lateralization data. Therefore, a more conservative alpha value of 0.01 was
adopted when interpreting the results of the statistical tests on this dataset32.

The relative lateralization index (LR) (Supplementary Information) was used
to compare turning bias (that is, left versus right) among the nine groups. A
Pearson’s Chi-square test for independence was conducted on each CO2 grouping
(three parental groups × three offspring groups) using LR data.
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