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            Abstract
The partial pressure of CO2 in the oceans has increased rapidly over the past century, driving ocean acidification and raising concern for the stability of marine ecosystems1,2,3. Coral reef fishes are predicted to be especially susceptible to end-of-century ocean acidification on the basis of several high-profile papers4,5 that have reported profound behavioural and sensory impairmentsâ€”for example, complete attraction to the chemical cues of predators under conditions of ocean acidification. Here, we comprehensively and transparently show thatâ€”in contrast to previous studiesâ€”end-of-century ocean acidification levels have negligible effects on important behaviours of coral reef fishes, such as the avoidance of chemical cues from predators, fish activity levels and behavioural lateralization (leftâ€“right turning preference). Using data simulations, we additionally show that the large effect sizes and small within-group variances that have been reported in several previous studies are highly improbable. Together, our findings indicate that the reported effects of ocean acidification on the behaviour of coral reef fishes are not reproducible, suggesting that behavioural perturbations will not be a major consequence for coral reef fishes in high CO2 oceans.
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                    Fig. 1: Widespread avoidance of predator chemical cues in coral reef damselfishes exposed to present-day and end-of-century levels of CO2.[image: ]


Fig. 2: Damselfishes avoid predator chemical cues to the same degree when exposed to present-day or end-of-century CO2 levels irrespective of life stage.[image: ]


Fig. 3: Bootstrapping data simulations of predator chemical cue avoidance and within-group variance.[image: ]


Fig. 4: Widespread similarities in the activity levels of six species of coral reef damselfish regardless of whether acclimated to present-day or end-of-century levels of CO2.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Interactions between CO2 treatment and size for fishÂ activity.
aâ€“c, Raw data points and fitted model estimates for activity in D. aruanus in 2014 (a), A. polyacanthus in 2014 (b) and A. polyacanthus in 2015 (c) as a function of acclimation treatment (grey diamonds, control; blue circles, high CO2) and size (x axis), with shaded areas indicating 95% confidence intervals of model estimates. Model parameter estimates are included in Extended Data Table 3. a, nÂ =Â 23 per treatment. b, nÂ =Â 8 per treatment. c, Control, nÂ =Â 28; CO2, nÂ =Â 38. Sample sizes represent biologically independent animals.


Extended Data Fig. 2 Widespread resilience of behavioural lateralization in coral reef damselfishes when faced with end-of-century levels of CO2.
aâ€“g, Number of right turns (out of 10) under control (closed grey bars) and high CO2 (open blue bars) conditions for fishes facing either a centred barrier at one end of the T-maze (aâ€“f) or an offset barrier at the other end of the T-maze (g). Sample sizes represent biologically independent animals). a, P. moluccensis. Control, nÂ =Â 29; CO2, nÂ =Â 20. b, C. atripectoralis. Control, nÂ =Â 26; CO2, nÂ =Â 17. c, D. aruanus. Control, nÂ =Â 19; CO2, nÂ =Â 21. d, P. amboinensis. Control, nÂ =Â 21; CO2, nÂ =Â 22. e, P. amboinensis retested. Control, nÂ =Â 15; CO2, nÂ =Â 15. f, A. polyacanthus. Control, nÂ =Â 120; CO2, nÂ =Â 104. g, A. polyacanthus (same sample sizes as in f). aâ€“e, Data were obtained at the LIRS in 2014. f, g, Data were obtained at the AIMS in 2015. Dashed lines represent the mean number of right turns for each treatment group. A tick mark on the panel (coloured according to treatment) indicates significant individual-level lateralization, whereas an asterisk at the top of the panel indicates significant population-level lateralization. See Extended Data Tables 4, 5 for statistics.


Extended Data Fig. 3 Histogram of the percentage of time in predator cue data for fish used in choice flume trials at LIRS in 2016.
Each data point included in this summary represents analysis of one minute of behavioural data for a fish; the plot contains many repeated measurements for each fish.


Extended Data Fig. 4 Histogram of representative data for percentage of time spent in water containing predator cue orÂ conspecific alarm cue.
Histograms of representative data (4-min means) from a previous study25 (solid bars) showing the disproportionate number of fish that were reported to spend 0% of time in conspecific chemical alarm cue when acclimated to control water (a) or 100% of time in the cue when acclimated to water with elevated CO2 levels (b). The representative treatment groups25 are juvenile A. polyacanthus in control water from parents acclimated to high CO2 water (a, nÂ =Â 62) and juvenile A. polyacanthus in high CO2 water from parents acclimated to high CO2 water (b, nÂ =Â 62). Also presented are data (4-min means) from the present study (6 species, open bars; nÂ =Â 247 control, nÂ =Â 239 high CO2) showing peak frequencies around 50% of time in predator cue for both control (a) and high-CO2-exposed (b) fish. Sample sizes represent biologically independent animals. Mean values for each of the datasets are indicated with vertical lines, and arrows are directed at modal values in each of the datasets.


Extended Data Table 1 Water chemistry data for the two sites for the three years of the studyFull size table


Extended Data Table 2 Model predictions of time spent in predator chemical cueFull size table


Extended Data Table 3 Model predictions of mean activity levelsFull size table


Extended Data Table 4 Individual- and population-level lateralization of coral reef fishesFull size table


Extended Data Table 5 Individual- and population-level lateralization of wild and captive-reared A. polyacanthusFull size table
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This file contains additional details on the methods. It also contains notes on replication studies, life stages and definition of larval versus juvenile fishes, on the importance of inter-individual variation, and further details on the contents of Figure. 3.
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