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Elevated carbon dioxide (CO,) has recently been
shown to affect chemosensory and auditory
behaviour, and activity levels of larval reef
fishes, increasing their risk of predation. How-
ever, the mechanisms underlying these changes
are unknown. Behavioural lateralization is an
expression of brain functional asymmetries, and
thus provides a unique test of the hypothesis
that elevated CO, affects brain function in
larval fishes. We tested the effect of near-future
CO, concentrations (880 patm) on behavioural
lateralization in the reef fish, Neopomacentrus
azysron. Individuals exposed to current-day or
elevated CO, were observed in a detour test
where they made repeated decisions about turn-
ing left or right. No preference for right or left
turns was observed at the population level. How-
ever, individual control fish turned either left or
right with greater frequency than expected by
chance. Exposure to elevated-CO, disrupted
individual lateralization, with values that were
not different from a random expectation. These
results provide compelling evidence that elevated
CO, directly affects brain function in larval
fishes. Given that lateralization enhances per-
formance in a number of cognitive tasks and
anti-predator behaviours, it is possible that a
loss of lateralization could increase the vulner-
ability of larval fishes to predation in a future
high-CO, ocean.
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1. INTRODUCTION

Atmospheric carbon dioxide (CO,) concentrations,
which have remained below 300 ppm for the past
850 000 years, are predicted to exceed 500 ppm by
2050 and could approach 1000 ppm by 2100 if anthro-
pogenic CO, emissions are not dramatically curtailed
[1-3]. The concentration of CO, in the shallow
ocean is also increasing in line with the increases in
atmospheric CO, [4]. Recent studies have shown
that CO, concentrations predicted to occur in the
ocean by the end of this century have a strong effect
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on olfactory [5,6] and auditory [7] mediated behaviour
of larval reef fishes, causing them to become attracted
or unresponsive to chemical cues and sounds that they
normally avoid. Furthermore, juvenile fish exposed to
elevated CO, exhibit behavioural changes, such as
higher activity levels and increased boldness, with
significant consequences for survival in natural coral
reef habitat [8]. These changes in a range of beha-
viours and sensory modalities suggest that elevated
concentrations of CO, may have a general effect on
brain function and cognitive performance of reef
fish larvae, although this hypothesis has not been
conclusively tested.

The tendency to favour the left or right side during
behavioural activities (i.e. behavioural lateralization) is
an expression of brain functional asymmetries [9—11]
that has been shown to confer advantages in a wide
range of animal taxa, including humans and other
primates, birds, reptiles, amphibians, fish and invert-
ebrates [9]. In fishes, lateralized individuals show
higher performance in cognitive tasks [12], schooling
behaviour [13], spatial orientation [14] and escape
reactivity [15]. Higher performance in such tasks is
attributed to more efficient parallel processing leading
to greater efficiency of neural computation and better
cognitive performance in lateralized individuals when
dealing with multiple tasks [16,17]. Therefore, latera-
lization 1is likely to represent a trade-off between high
performance in such tasks and the ability to interact
with the environment equally well regardless of the
position of the stimulus [9,18].

Behavioural lateralization provides a powerful test of
brain function for different decision-making tasks
involving left versus right responses to environmental
stimuli. Disruption in behavioural lateralization in
CO,-treated individuals would be compelling evidence
that exposure to elevated CO, causes brain dysfunc-
tion in larval fishes. Here, we test the hypothesis that
behavioural lateralization is affected by exposure to
CO, levels predicted to occur in the shallow ocean
by the end of the century.

2. MATERIAL AND METHODS

Settlement-stage larvae of Neopomacentrus azysron were collected
overnight using light traps [19] moored in open water on the western
side of Lizard Island (14°40’S, 145°28' E), in the northern Great
Barrier Reef, Australia. Larvae were then maintained in identical
rearing tanks at either control (440 patm) or elevated CO,
(880 patm). Larvae were maintained in the CO, treatments for 4
consecutive days (electronic supplementary material). Behavioural
lateralization was evaluated using a detour test [11]. Briefly, a
single fish was introduced in a two-way T-maze runway (electronic
supplementary material), and the direction of its turn (i.e. right or
left) at the end of the runway was scored. Ten consecutive runs
were observed for each fish, from which the score of the turning
direction and the degree of lateralization were obtained. A total of
138 individuals (total length 12.09 + 0.04 mm; mean + s.e.) were
used in the experiments (z = 70 for the control and n = 68 for the
elevated-CO, treatment). In addition, a random simulation (RS)
was generated based on 10 random binary choices (i.e. left or
right) per individual (z =70). This simulation was generated in
order to test if any of the samples yielded left—right proportions
that were not different from that expected by random choice. Turn-
ing preference (i.e. bias in left or right turns) at the population level
was assessed using the relative lateralization index (Lg, from +100 to
—100, indicating complete preference for left and right turning,
respectively; see the electronic supplementary material). In this
analysis, we compared all three groups (i.e. control, elevated-CO,,
RS distribution). Furthermore, the distributions of the control and
the elevated-CO, individuals were compared with a theoretical
binomial distribution (see the electronic supplementary material).
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Figure 1. (a) Relative frequency distributions of Ly in control
fish, (b) elevated-CO, fish, (¢) random simulation (bars) and
random binomial distribution (curve). Positive and negative
values indicate right and left turns, respectively. The extreme
values of |100| indicate fish that turned in the same direction
on all 10 trails.

The strength of lateralization (irrespective of its direction) at the indi-
vidual-level was then assessed using the absolute lateralization index
L, (ranging from O (an individual that turned in equal proportion to
the right and to the left) to 100 (an individual that turned right or left
on all 10 trials)). Comparison between control and elevated-CO, fish
determined whether elevated CO, had an effect on lateralization,
and the comparison of these treatments with the RS distribution
determined whether treatments differed from a random left or
right choice.

3. RESULTS

No preference for right or left turns was found at the
group level (one sample z-tests; electronic supplemen-
tary material: control ¢y = —0.86, p > 0.5; elevated-
C02 Lery = 0.06, p> 0.5; RS L69) = 0.33, p> 0.5)
Mean Ly values +s.e. were —5.71 + 6.65, 0.29 +
4.6 and 1.33 4+ 4.35 for control, elevated CO, and
RS, respectively. A Kruskal—Wallis test indicated that
there were no differences among the three groups
(p > 0.5). The data distribution of Lz was normal
in all cases (Kolmogorov—Smirnov test, p > 0.1 in
all cases; figure 1), whereas their variances differed
(Bartlett test, p<<0.001). Multiple comparison
among variances [20] showed significant differences
in control versus elevated-CO, and control versus RS
(p < 0.005 in both cases), but not in elevated-CO,
versus RS (p > 0.5). Comparisons with a theoretical
random (binomial) distribution [20] based on 50 per
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Figure 2. L, (mean =+ s.e.) in control fish (grey bar), elevated-
CO, fish (black bar) and random simulation (white bar).
Significance levels for post hoc comparisons (Dunn’s test) are
shown in correspondence of each pair tested.

cent probability of right or left turns (electronic sup-
plementary material) showed significant differences
with the Lgr distribution of the control fish (G-test;
G =92.5; p < 0.0001) but not with the Ly distribution
of the elevated-CO, fish (G-test; G =10.9; p > 0.3;
figure 1).

Absolute lateralization index differed markedly
among groups (Kruskal-Wallis test, K= 19.38, p <
0.0001; figure 2). Dunn’s multiple comparison tests
found significant differences between elevated-CO,
and control (p < 0.01), RS and control (p < 0.001),
but not between RS and elevated-CO, (p > 0.05).
This result is in accordance with the multiple com-
parison of variance in Lg, as the significantly higher
variance (see flatter distribution in figure 1) in the
control Lg when compared with the other groups cor-
responds to a higher mean value in the control La
(figure 2).

Therefore, while none of the groups were lateralized
at the population level, individual-level lateralization
occurred for the control group but not for the elev-
ated-CO, group, which did not differ from a random
left—right choice.

4. DISCUSSION

Our results show that exposure to CO, levels that
could occur in the shallow ocean by the end of this
century disrupts the behavioural expression of cerebral
lateralization in a coral reef fish. This demonstrates
that elevated CO, interferes with brain function in
larval reef fishes. Specifically, a preference to turn
right or left, as demonstrated by the control fish, is
likely to be the result of the specialization of the
visual system; fish are turning in such a way so as to
assure a strong visual fix on their environment with a
given eye [11]. The underlying basis of this behaviour-
al lateralization may be related to the different
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specialization of contralateral brain structures [11].
Earlier work has shown that different types of detour
tasks (e.g. using an opaque barrier versus a transparent
barrier with a predator-model behind) result in differ-
ent turning biases that may be related to the specific
lateralization of visual tasks [11]. Therefore, it is poss-
ible that exposure to increased CO, causes a
malfunction in the expression of dominance of the
brain hemisphere that controls eye preference in the
visual task associated with the detour test.

Behavioural lateralization is thought to minimize
the decision time and avoid simultaneous initiation
of incompatible responses when facing tasks that
require directional responses [9]. Furthermore, be-
havioural lateralization is suggested to increase
cognitive performance [9,10] and has been shown
to provide advantages when fish are faced with
trading-off multiple cognitive tasks (e.g. feeding in
the presence of a predator [16]). Therefore, it is poss-
ible that CO, exposure may decrease the cognitive
ability of fish larvae, especially within the context of
multi-tasking [12,16]. Lateralization is a fundamental
determinant of fish behaviour, especially within the
contexts of predator—prey interactions, being related
to higher performance in anti-predator responses
[15], gregariousness [13] and spatial orientation
[14]. Individuals from high-predation sites exhibit
stronger lateralization than those from low-predation
sites and these differences are heritable [21,22].
Consequently, loss of lateralization caused by elevated
CO, may affect the vulnerability of fish to predation,
in addition to other effects observed in recent
studies [5,8].

The degree of lateralization is likely to represent a
trade-off between the high performance levels found in
lateralized individuals and the ability to deal equally
with stimuli from all sides as in non-lateralized indivi-
duals [9]. Not all control individuals were highly
lateralized (figure 1), and therefore it is possible that
the lateralization distribution found in nature (i.e. in
the control fish) is driven by this trade-off at the popu-
lation level. Exposure to elevated CO, appears to
disrupt this equilibrium, as lateralized individuals are
no longer present, and the resultant Ly distribution
does not differ from that based on random left—right
choice. Assuming that the Ly distribution found in
nature is the result of natural selection, any changes in
that distribution as a result of brain dysfunction are
likely to decrease the performance of the population.
Similar to most previous studies on behavioural effects
of elevated CO,, our experiments do not examine the
potential for adaptation by selection of tolerant genotypes
and this will be an important area for future research.

Our results provide strong evidence that elevated
CO, has a direct effect on brain function in larval
reef fishes; however, the precise cellular mechanisms
responsible are unknown. The fact that olfactory
[5,6] and auditory function [7] are impaired, as well
as changes in activity levels [8] and the effects on be-
havioural lateralization observed here, points to an
effect of elevated CO, on a highly conserved element
of nervous system function. A likely scenario is that
altered ion concentrations in the tissues owing to
acid—base regulation in a high-CO, environment
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[23] affect neural function in larval fishes, although
this hypothesis remains to be tested.

Sue-Ann Watson conducted the sea water chemistry. Thanks
to Marco Dadda for useful comments on an earlier draft of
this manuscript. Funding was provided by the ARC Centre
of Excellence for Coral Reef Studies. Research was carried
out under approval from the Great Barrier Reef Marine
Park Authority, and under James Cook University ethics
guidelines.
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