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Synchronous behavioural shifts in reef fishes
linked to mass coral bleaching

Sally A.Keith®©'2*, Andrew H. Baird
N.Fadli®? and Nathan J.Sanders®

Mass coral bleaching causes population declines and mor-
tality of coral reef species’ yet its impacts on behaviour are
largely unknown. Here, we unite behavioural theory with com-
munity ecology to test whether bleaching-induced mass mor-
tality of corals can cause consistent changes in the behaviour
of coral-feeding fishes. We documented 5,259 encounters
between individuals of 38 Chaetodon (butterflyfish) species
on 17 reefs within the central Indo-Pacific, of which 3,828
were repeated on 10 reefs both before and after the global
coral bleaching event in 2016. Aggression between butter-
flyfishes decreased by two-thirds following large-scale coral
mortality, despite no significant change in fish abundance
or community composition. Pairwise encounters were most
likely to be aggressive between obligate corallivores and on
reefs with high coral cover. After bleaching, the proportion of
preferred Acropora corals in the diet decreased significantly
(up to 85% fewer bites), with no increase in overall bite rate
to compensate for the loss of these nutritionally rich corals.
The observed reduced aggression at low resource levels due
to nutritional deficit follows the predictions of the economic
theory of aggressive behaviour®:. Our results reveal synchro-
nous changes in behaviour in response to coral mortality. Such
changes could potentially disrupt territories*, leading to reor-
ganization of ecological communities.

Coral mortality following mass bleaching events caused by global
warming has reshaped coral reef ecosystems around the world>.
Effects of coral mortality cascade through the ecosystem, leading to
decreased abundance or local extinction of coral-dependent species,
and subsequent reorganization of ecological communities®. Despite
the prevalence of these changes, the underlying mechanisms remain
unclear. One mechanism that could be important yet is unresolved
is the role of individual behaviour in altering population dynam-
ics or community structure”'’. In particular, interference behaviour
between individual fish of different species is widespread and impli-
cated in population abundance, species coexistence and geographi-
cal range shifts'*"2.,

Laboratory experiments suggest that fish behaviour can be
mediated by environment. However, these experiments are over-
whelmingly focused on the direct effects of water temperature and
acidification (for example, ref. '*), despite the more immediate threat
from ongoing loss of coral“. Moreover, these experiments focus
on the short-term responses of only a handful of species to single
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stressors in aquaria isolated from community interactions. Despite
their simplicity, these experiments yield contrasting results'>'®, hin-
dering our ability to forecast the consequences of coral mortality on
reef communities in nature. While field experiments are more likely
to capture the complexity of natural systems'’, they are not ame-
nable to manipulation at large geographical scales. An alternative
approach is to combine large-scale natural experiments in a macro-
ecological framework. In this way, we can move beyond site-contin-
gent results and test whether fish behaviour responds in a consistent
way to disturbance across reefs despite variation in biogeographic
history, environmental conditions and biotic context.

Mass bleaching events reduce resource availability for fishes
that rely on corals for food, such as butterflyfishes (Chaetodon
spp.). Theory predicts that aggression among individuals should
be highest at intermediate resource availability, due to the trade-off
between resource value and the relative energetic cost of resource
defence’. Depending on the availability of resources before distur-
bance, the probability of aggression, and the extent of resource (for
example, coral) loss, two possible outcomes of reduced resource
availability on aggression are possible. First, reduced coral availabil-
ity could increase fish aggression due to enhanced value of the rarer
resource. Second, reduced coral availability could decrease aggres-
sion because nutritional deficits intensify the relative energetic
cost of resource defence, reducing resource holding potential®'®.
Distinguishing between these possibilities is necessary to provide
mechanistic predictions of the impacts of coral bleaching effects on
reef fishes.

Here, we report on observations of 5,259 encounters between
individuals of 38 species of Chaetodon (butterflyfishes) before and
after the global coral bleaching event in 2015-2016. Encounters
were recorded over 11,740 minutes (2,348 five-minute observa-
tions) at 17 reefs nested within 5 regions of the central Indo-Pacific
(Fig. 1; see Supplementary Table 1 for sample sizes per reef). We
used this uniquely powerful data set to examine behavioural change
in response to abrupt reductions in resource availability, a critical
determinant of aggressive behaviour®'®.

To determine the effect of resource availability on butterflyfish
aggression, we followed a focal fish for five minutes and recorded
as an encounter every congeneric that came within 1 m of that indi-
vidual”. Encounters were categorized as passive when there was
no observed change in behaviour, or aggressive when one or both
individuals engaged in display or chasing behaviour. By comparing
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Fig. 1| Change in coral cover before and after the 2016 coral bleaching events at each field region across replicate point intercept transects at depths
1-5m. The boxplot lines are the median coral cover, the boxes range from the 25th to the 75th percentile. Mean loss of coral cover on reefs was significant
both with and without the inclusion of Luzon (paired Wilcoxon signed rank test, all reefs: V=122, P=0.003; reefs excluding Luzon: V=78, P<0.001) and

not for Luzon alone (paired Wilcoxon signed rank test, V=0, P=0.125).

behaviour before and after bleaching, we explicitly examine the con-
sequences of coral mortality on the probability of aggressive behav-
iour. Whilst behavioural data were collected only once from both
Bali (before bleaching, although coral cover was collected before
and after) and Aceh (after, although fish abundance and coral cover
were collected before and after), we include these data to determine
whether behaviour fits expectations from other reefs, and to inform
our general model of the predictors of fish aggression.
Bleaching-induced mortality resulted in the loss of 18%-65% of
initial standing coral cover across 12 reefs in 4 of the regions for
which we had coral cover data both before and after the bleach-
ing events (Christmas Island, Iriomote, Aceh and Bali; Fig. 1).
Despite some bleaching, there was no coral mortality in the fifth
region, Luzon, which provided a natural control. On reefs with
high coral mortality, the probability of aggressive encounters
between heterospecific butterflyfishes decreased from 0.15 +0.02
(95% confidence interval) to 0.05+0.01 (Fig. 2a,b; across spe-
cies Supplementary Fig. 1) and for conspecifics decreased from
0.66 +0.08 to 0.45+0.08 (Fig. 2c,d). As we generally sampled reefs
at similar times of year, we infer that the decrease in the probabil-
ity of aggressive encounters is due to coral mortality rather than
seasonal differences or phenological effects. Luzon, which did
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not experience coral mortality, had the largest seasonal difference
between surveys (6 months between samples; mean water tem-
perature: before=27.06°C+0.56, after=29.34°C+0.47) but the
smallest change in aggression (heterospecifics from 0.14+0.03 to
0.18 +0.03; conspecifics from 0.70+0.13 to 0.55+0.13; note the
overlapping 95% confidence intervals). Such consistent behav-
ioural change on multiple reefs across a large geographic extent in
response to a natural experiment provides strong support that high
coral mortality led to decreased aggression.

To further test whether coral cover, rather than alternative fac-
tors, triggered the decrease in aggression, we generated a Bayesian
hierarchical model to predict whether outcomes of pairwise
encounters between individual fish were aggressive or passive.
Conspecific aggression is linked to territorial defence, where mated
pairs aggressively defend a set of coral colonies®. In contrast, het-
erospecific aggression is associated with dietary overlap, where
dominant competitors gain priority access to preferred prey spe-
cies”. Consequently, we model conspecific and heterospecific
encounters separately.

The probability of heterospecific encounters rises with increased
coral cover (median=0.97, 95% credible interval=0.61-1.36; Fig.
3a). In addition, aggression was more likely during encounters
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Fig. 2 | Probability of encounters resulting aggression before and after bleaching. a-d, Heterospecific (a,b) and conspecific (¢,d) aggression across reefs
(n=17; b,d) nested within regions (a,c) was recorded both before (black outline) and after (no outline) the 2016 bleaching events. Data were resampled
1,000 times within regions to obtain bootstrapped estimates of uncertainty around the median owing to variable sample sizes. Both heterospecific (paired
Wilcoxon signed rank test: V=21, P=0.031) and conspecific (paired Wilcoxon signed rank test: V=21, P=0.031) aggression decreased significantly when
the control region (Luzon) was not included. The boxplot lines are the median coral cover, the boxes range from the 25th to the 75th percentile, dashed
lines are whiskers (1.5 x IQR), open circles are outliers. Note that Bali and Aceh are not directly comparable but fit the trend from reefs surveyed at two
points in time. Zero values are due to no aggressive interactions being observed, rather than missing data.
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Fig. 3 | Influence of biotic and abiotic factors on the probability of aggression following encounters. a,b, The central dots indicate the median point
estimate for the highest posterior density, the thin lines are 95% credible intervals and the thick lines are 80% credible intervals from Bayesian hierarchical
regression analysis for heterospecific (@) and conspecific (b) encounters. Comparisons among diet categories are indicated by en dashes, and the reference
category was that with the largest sample size (obligate-facultative). Obligate, obligate corallivore; facultative, facultative corallivore; non, non-corralivore.

between pairs of obligate corallivores (median=1.07, 95% confi- adaptive response to resource competition’””. Phylogenetic relat-
dence interval (CI)=0.78-1.37; Fig. 3a) than between pairs that edness (median=-0.11, 95% CI=-0.23-0.01; Fig. 3a) and body
included facultative corallivores or non-coral invertivores. These size ratios between species were poor predictors of heterospecific
results support the hypothesis that interspecific aggression is an  aggression (median=0.13, 95% CI=-—0.02-0.27; Fig. 3a), offering
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Fig. 4 | Change in Acropora spp. cover against change in the proportion of
bites on Acropora spp. for obligate and facultative corallivores. The data
were recorded at Luzon (light blue), Iriomote (green) and Christmas Island
(dark blue), before and after coral bleaching. Cb, Chaetodon baronessa;

Ctl, C. trifascialis; Cl, C. lunulatus; Cpu, C. punctatofasciatus; Cr, C. rafflesii;
Cc, C. citrinellus; Cs, C. speculum; Cpl, C. plebeius; Ca, C. argentatus; Cg, C.
guttatissimus; Ctt, C. trifasciatus.

little support for the notion that closely related similar species should
interact more aggressively than distantly related dissimilar species™*’.
The failure of temperature to predict aggression suggests that the
effect of metabolic relationships® is small relative to resource avail-
ability, and also indicates that changes in water temperature that
might arise from seasonal differences are relatively unimportant.
Similarly, outcomes of conspecific encounters were predicted most
strongly by coral cover (within 90% credible interval), while body
size, diet and water temperature contributed minimally (Fig. 3b).
Feeding comparisons amongst corallivorous butterflyfishes
before and after bleaching suggest that nutritional deficit offers
an explanation for the differences in aggression. Many corallivo-
rous butterflyfish prefer corals in the genus Acropora, because they
provide more energy per foraging effort than do other coral taxa®,
yet Acropora corals are highly susceptible to bleaching®. Foraging
by corallivorous butterflyfishes on Acropora species after bleach-
ing was 71% lower than before bleaching at Iriomote, and 85%
lower than before at Christmas Island, whilst at Luzon, which did
not experience coral mortality, foraging on Acropora was only 7%
lower. The reduction in foraging on Acropora species was particu-
larly noticeable in the highly specialized corallivores (C. trifascia-
lis and C. baronessa), which are also the most aggressive species.
The largest shifts in foraging on Acropora were observed around
Christmas Island, which also had the largest reduction in aggres-
sion (Fig. 4; for proportions by time and species with confidence
intervals, see Supplementary Fig. 2). Moreover, individuals did not
compensate for the loss of nutritious Acropora in their diets by feed-
ing more intensely on other less nutritious coral genera because the
overall bite rate did not increase after bleaching (one-tailed paired
Wilcoxon signed rank tests: Luzon, V=15, P=1; Iriomote, V=35,
P=0.936; Christmas Island, V=19, P=0.969; Fig. 5). The observed
reduction in butterflyfish aggression is therefore consistent with the
hypothesis that energetic deficit caused by decreased resource avail-
ability after coral bleaching leads to reduced aggression.
Aggression can also be influenced by changes in the density of
competing individuals: more individuals lead to increased probabil-
ity of encounter by Brownian motion, the random movement of indi-
viduals, alone”. Here, the density of Chaetodon spp. did not change
significantly from pre- to up to 12 months post-bleaching (V =36,
P=0.831; Supplementary Fig. 3). This result is consistent with time
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lags of up to five years between coral mortality and declines in but-
terflyfish abundance”. Lampuuk (Aceh) and Eisvold (Christmas
Island) reefs did decrease in butterflyfish density (Supplementary
Fig. 3). However, both heterospecific and conspecific aggression for
these reefs were strongly positively associated with coral cover in
the Bayesian regression model (95% confidence intervals for group
intercept overlap zero), consistent with the hypothesis that coral
mortality has led to reduced aggression probabilities on these reefs
regardless of density effects on encounter rates.

While declines in the abundance of butterflyfishes might be
anticipated over longer timescales as body condition deteriorates,
subtle shifts in the abundance of a few key species might be suf-
ficient to cause reduced aggression. The two most aggressive spe-
cies—C. trifascialis, and the sister species complex C. baronessa/C.
triangulum—are expected to be particularly vulnerable to coral
cover loss'. Encounters involving C. trifascialis and C. baronessa/C.
triangulum reduced from 44% to 28% following the bleaching, yet
the probability of aggression within those encounters mirrored the
broader pattern, decreasing by 39% for C. trifascialis and 79% for
C. baronessalC. triangulum (Supplementary Fig. 4). Moreover, the
abundance of these species did not change (C. baronessa/C. trian-
gulum V=1.5, P=0.586; C. trifascialis V=14, P=0.106), and over-
all species composition of the butterflyfish communities was not
significantly different between survey times (F,,=1.27, R*=0.02,
P=0.278). Consequently, the reduced aggression observed was not
caused directly by shifts in abundance or composition of the but-
terflyfish community.

Our results show that mass coral mortality caused by increased
water temperatures during the 2015-2016 global bleaching event®
led to the depletion of food resources, and subsequent nutritional
deficit offers a plausible explanation for the decreased aggressive
behaviour amongst butterflyfishes within the central Indo-Pacific.
More broadly, aggression is an important mediator of competitive
interactions within ecological communities®; therefore, behav-
ioural changes could help explain the time lag leading to the well-
documented patterns of reduced abundance, local extinctions and
altered species composition after bleaching' by initiating detrimen-
tal yet sub-lethal conditions. For instance, reduced aggression could
indicate the breakdown of territories among butterflyfishes' as
individuals roam further to obtain enough resources’*, rendering
investment in aggressive defence too costly and potentially causing
a shift from interference to exploitative competition. At the com-
munity scale, as resource availability declines and becomes uneco-
nomical to defend, previously aggressive coral specialists cease to be
the dominant competitive species. Altered competitive hierarchies
can influence community coexistence relationships as the ‘rules of
engagement’ are rewritten>'"" and territorial breakdown could lead
to dampened dispersal among reefs*, together altering metacom-
munity dynamics. Moreover, although behavioural flexibility can
increase survival over the short-term, it can also create ecological
traps in the longer-term if the disturbance endures', as is the case
for mass coral mortality. Identifying behavioural change at an early
stage could provide a potential early warning of population and
community shifts. We suggest that application of a macroecologi-
cal approach to behaviour more broadly across taxa and ecosystems
can move us towards greater understanding of how animal behav-
iour will be disrupted in the face of ongoing global environmental
change and identify previously under-appreciated mechanisms that
could underpin the structure and dynamics of ecological communi-
ties in an ever-changing world.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41558-018-0314-7
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Fig. 5| Mean bite rate (all coral genera) before and after bleaching for each species at each region, and overall for each region. a, Bite rate has been
maintained or reduced across all species and regions, except C. argentatus at Iriomote. This result provides compelling support for our hypothesis that
reduced aggression was a result of nutritional deficit: a lower proportion of bites on Acropora accompanied by the same bite rate as before coral mortality
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Received: 2 March 2018; Accepted: 24 September 2018;
Published online: 22 October 2018

References

1.

2.

10.

11.

12.

13.

14.

15.

990

Pratchett, M. S. et al. in Oceanography and Marine Biology: An Annual Review
Vol. 46 (eds Gibson, R. N. et al.) 251-296 (CRC, Boca Raton, 2008).
Peiman, K. S. & Robinson, B. W. Ecology and evolution of resource-related
heterospecific aggression. Q. Rev. Biol. 85, 133-158 (2010).

Maher, C. R. & Lott, D. E. A review of ecological determinants of territoriality
within vertebrate species. Am. Midl. Nat. 143, 1-29 (2000).

Samways, M. J. Breakdown of butterflyfish (Chaetodontidae) territories
associated with the onset of a mass coral bleaching event. Aquat. Conser. Mar.
Freshw. Ecosyst. 15, S101-S107 (2005).

Hughes, T. P. et al. Global warming and recurrent mass bleaching of corals.
Nature 543, 373-377 (2017).

Graham, N. A. ], Jennings, S., MacNeil, M. A., Mouillot, D. & Wilson, S. K.
Predicting climate-driven regime shifts versus rebound potential in coral
reefs. Nature 518, 94-97 (2015).

McClanahan, T. R., Weil, E., Cortés, J., Baird, A. H. & Ateweberhan, M. in
Coral Bleaching: Patterns, Processes, Causes and Consequences (eds van
Oppen, M. J. H. & Lough, J. M.) 121-138 (Springer, Berlin, 2009).

Hughes, T. P. et al. Spatial and temporal patterns of mass bleaching of corals
in the Anthropocene. Science 359, 80-83 (2018).

Nagelkerken, I. & Munday, P. L. Animal behaviour shapes the ecological
effects of ocean acidification and warming: moving from individual to
community-level responses. Glob. Change Biol. 22, 974-989 (2016).

Keith, S. A. & Bull, J. W. Animal culture impacts species’ capacity to realise
climate-driven range shifts. Ecography 40, 296-304 (2017).

Grether, G. E, Peiman, K. S., Tobias, J. A. & Robinson, B. W. Causes and
consequences of behavioral interference between species. Trends Ecol. Evol.
32, 760-772 (2017).

Gause, G. E The Struggle for Existence (Williams and Wilkins,

Baltimore, 1934).

Allan, B. J. M., Domenici, P,, Watson, S. A., Munday, P. L. & McCormick, M.
I. Warming has a greater effect than elevated CO, on predator-prey
interactions in coral reef fish. Proc. R. Soc. B 284, 20170784 (2017).

Hughes, T. P. et al. Coral reefs in the Anthropocene. Nature 546,

82-90 (2017).

Browman, H. I. Applying organized scepticism to ocean acidification
research. ICES J. Mar. Sci. 73, 529-536 (2016).

20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Sundin, J. et al. Long-term exposure to elevated carbon dioxide does not alter

activity levels of a coral reef fish in response to predator chemical cues.
Behav. Ecol. Sociobiol. 71, 108 (2017).

. Connell, J. H. in Experimental Marine Biology (ed. Mariscal, R.) 21-54

(Academic, New York, 1974).

. Maynard Smith, J. Evolutionary Game Theory (Cambridge Univ. Press,

Cambridge, 1982).

. Blowes, S. A, Pratchett, M. S. & Connolly, S. R. Heterospecific aggression and

dominance in a guild of coral-feeding fishes: the roles of dietry ecology and
phylogeny. Am. Nat. 182, 157-168 (2013).

Yabuta, S. & Berumen, M. L. in Biology of Butterflyfishes (eds Pratchett, M. S.
et al.) 200-225 (CRC, Boca Raton, 2014).

. Stamps, J. A. The relationship between resource competition, risk, and

aggression in a tropical territorial lizard. Ecology 58, 349-358 (1977).

Toms, J. D. Linking behavior and community ecology: interspecific aggression
provides evidence for competition between a migrant and resident warbler.
Ethology 119, 1057-1066 (2013).

Darwin, C. On the Origin of Species by Means of Natural Selection,

or the Preservation of Favoured Races in the Struggle for Life (John Murray,
London, 1859).

Biro, P. A., Beckmann, C. & Stamps, J. A. Small within-day increases in
temperature affects boldness and alters personality in coral reef fish. Proc. R.
Soc. B 277, 71-77 (2010).

Pratchett, M. S. in Biology of Butterflyfishes (eds Pratchett, M. S. et al.)
140-179 (CRC, Boca Raton, 2014).

Marshall, P. A. & Baird, A. H. Bleaching of corals on the Great Barrier Reef:
differential susceptibilities among taxa. Coral Reefs 19, 155-163 (2000).

Vahl, W. K., Lok, T., van der Meer, J., Piersma, T. & Weissing, F. J. Spatial
clumping of food and social dominance affect interference competition
among ruddy turnstones. Behav. Ecol. 16, 834-844 (2005).

Pratchett, M. S., Wilson, S. K. & Baird, A. H. Long-term monitoring of the
Great Barrier Reef. J. Fish. Biol. 69, 1269-1280 (2006).

Pratchett, M. S., Wilson, S. K., Berumen, M. L. & McCormick, M. I. Sublethal
effects of coral bleaching on an obligate coral feeding butterflyfish. Coral Reefs
23, 352-356 (2004).

Bonin, M. C., Bostrom-Einarsson, L., Munday, P. L. & Jones, G. P. The
prevalence and importance of competition among coral reef fishes. Annu.

Rev. Ecol. Evol. Syst. 46, 169-190 (2015).

Chandler, J. E, Burn, D., Berggren, P. & Sweet, M. J. Influence of resource
availability on the foraging strategies of the triangle butterflyfish Chaetodon
triangulum in the Maldives. PLoS One 11, €0151923 (2016).

NATURE CLIMATE CHANGE | VOL 8 | NOVEMBER 2018 | 986-991 | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE

LETTERS

32. Tricas, T. C. Determinants of feeding territory size in the corallivorous
butterflyfish, Chaetodon multicinctus. Anim. Behav. 37, 830-841 (1989).

33. Nash Suding, K. & Goldberg, D. Do disturbances alter competitive
hierarchies? Mechanisms of change following gap creation. Ecology 82,
2133-2149 (2001).

34. Tinbergen, N. The functions of territory. Bird Study 4, 14-27 (1957).

Acknowledgements

We are grateful for funding support from VILLUM FONDEN (S.A.K., grant number
10114), the Danish National Research Foundation for support of the Center for
Macroecology, Evolution and Climate (grant number DNRF96), and the Australian
Research Council Centre of Excellence for Coral Reef Studies (AHB grant number
CE140100020). For field assistance and logistical support, we thank N. Maginnis, L. Corner,
T. Quimpo, V. Horigue and A. Roan; T. Naruse and R. Yoshida, the University of the
Ryukyus Iriomote Field Station; Parks Australia and Christmas Island Divers Association;
and R. Trono, A. Trono and staff of the Bontoc Seaview Guesthouse and Mabini Municipal
Tourism Office, Batangas, Philippines. We also thank A. MacNeil for statistical advice and
N. Graham and I. Hartley for constructive feedback on this manuscript.

Author contributions

S.A K. designed the study with input from J-P.A.H., A.H.B. and N.J.S;; SAK, J-PA.H,,
A.H.B,, E.S.W. and A.S.H. collected the data; N.F. provided fieldwork support; S.A.K.
analysed the data and wrote the manuscript with contributions from all authors.

Competing interests

The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
$41558-018-0314-7.

Reprints and permissions information is available at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to S.A.K.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2018

NATURE CLIMATE CHANGE | VOL 8 | NOVEMBER 2018 | 986-991 | www.nature.com/natureclimatechange 991


https://doi.org/10.1038/s41558-018-0314-7
https://doi.org/10.1038/s41558-018-0314-7
http://www.nature.com/reprints
http://www.nature.com/natureclimatechange

LETTERS

Methods

Field sites. We recorded abundance of 38 Chaetodon spp., hard coral cover and
behavioural observations in 5 regions across the central Indo-Pacific (Fig. 1 and
Supplementary Table 1): Christmas Island (Indian Ocean; 105.6°E, 10.4°S), Bali
(Indonesia; 115.6°E, 8.4°S), Aceh (Indonesia; 95.1-95.3°E, 5.4-5.9°S), Iriomote
(Japan; 123.7°E, 24.4°N) and Luzon (the Philippines; 120.8°E, 13.7°N).

Reefs were surveyed up to 12 months before and/or 12 months after the global
mass bleaching event reached that region, at a similar time of year when possible
(see Supplementary Table 1 for survey dates). Different survey dates between
regions were largely due to differences in the timing of the bleaching events and
logistical constraints associated with conducting field research across a large
geographical extent whilst maintaining consistent survey protocol and observers.
All regions except Luzon are contact zones between Indian and Pacific Ocean
Chaetodon species, chosen to maximize the number of species we were able to
observe and the potential for aggression. At each location, we surveyed 3 to 4 reefs
resulting in a total of 17 sampled reefs (Supplementary Table 1). To ensure, as far
as possible, that different individuals were sampled, reefs were separated by >1km
and interspersed with non-reef patches (corallivorous butterflyfish territories are
generally <0.2km? ref. ). Similar numbers of focal individuals were observed on
each reef (Supplementary Table 1).

Data collection. Chaetodon abundance and coral cover. We quantified the
abundance of butterflyfishes with 50 X 5m belt transects and the cover of hard
corals (Scleractinia) was recorded every 0.5m along 50 m point intercept transects.
At least three transects were deployed at each of two depths (1 and 5m) at each
reef where possible to capture the abundance of Chaetodon spp. and coral cover

at the depths we observed encounters. Exceptions included Blue Lagoon (Bali, 2
transects at 5m), Eisvold (Christmas Island, only 5m) and Million Dollar Bommie
(Christmas Island, only 5m). All transects on Acehnese reefs were restricted to

1 m depth because remote locations prevented use of SCUBA equipment. Fish and
coral surveys were conducted along the same transects, with the coral surveyor
trailing the fish surveyor and recording benthic cover.

Aggression. Observations were made on snorkel or SCUBA depending on depth
and visibility using a well-established protocol'>*. Following an acclimation
period (~1minute) to check that the individual was responding naturally (that is,
feeding), focal individuals were followed at a distance of 2-4 m for five minutes.
Many Chaetodon species occur in pairs and no aggressive interactions were
recorded among partners, so only one individual per pair was observed to avoid
dependence. An encounter was recorded when a congeneric came within 1 m of
the focal animal. At this distance, we assumed the individuals were aware of each
other’s presence and had the potential to interact. The outcome of each encounter
was recorded as passive if no discernible change in behaviour was elicited in
either individual, or aggressive if one or both individuals engaged in display or
chase behaviour". There is strong evidence that these displays can be attributed
to aggression over food resources, and paired individuals, which comprised the
vast majority of our target individuals, were highly unlikely to engage in courtship
displays with individuals outside of their pair'’. We used a U-shaped search pattern
to ensure as far as possible that we did not observe the same individual or pair

as the focal animal more than once. Contextual variables were recorded for each
observation: date, time, weather, water temperature and observer identity. As far
as possible, we tried to observe every individual (pair) present on the reef. To
ensure observation data were standardized, each new observer was trained by an
experienced observer (either J.-P.A.H. or S.A.K.) until recorded data were identical.
Manual recording captures fish chase behaviour better than video recording® and
Chaetodon spp. are not sensitive to diver presence*.

Feeding. We used the same protocols for selecting and following a focal fish as for
aggression. Over three-minute observation periods, we recorded the substrate from
which each bite was taken, identifying hard corals to species following Pratchett™.

Statistical analysis. Coral cover, fish abundance and fish community composition.
We tested whether hard coral cover had declined significantly following the 2016
coral bleaching events with a paired Wilcoxon signed rank test for reefs with
before and after data. Changes in Chaetodon spp. abundance were examined with a
Wilcoxon signed rank test paired by reefs before and after bleaching, and changes
in community composition were examined with a PERMANOVA using Bray—
Curtis dissimilarity and 9,999 permutations using the function adonis in the vegan
package™. The assumption of dispersion similarity at both times necessary for this
test was met (betadispers function, average distance to median; before =0.494,
after =0.502).

Change in aggression probabilities and feeding. Mean aggression probabilities for
each reef were compared before (n=13) and after (n=9) bleaching using a paired
Wilcoxon signed rank test. As our sampling protocol may lead to some pseudo-
replication (that is, ‘focal individuals’ can be ‘encountered individuals’ in another
observation), which can overestimate significance, we focus on the effect size.
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To explore uncertainty in aggression probabilities around varying sample sizes
of behavioural observations across reefs, we bootstrapped the encounters within
each reef by resampling with replacement 1,000 times and generated boxplots of
bootstrapped values.

To determine the change in feeding behaviour, we first calculated the mean
proportion of bites on Acropora spp. across individuals within each species (plotted
in Fig. 4 and Supplementary Fig. 3). To determine whether bite rate increased after
bleaching, we conducted one-tailed paired Wilcoxon signed rank tests at
each region with before and after feeding data (that is, Luzon, Iriomote and
Christmas Island)

Predictors of aggression. To identify which hypothesized factors could plausibly
predict when an encounter between two individuals of the same or different
species would result in aggression, we formulated two Bayesian hierarchical logistic
regression models: one model for heterospecific, and one model for conspecific
encounters. For the heterospecific models, three predictor variables were based

on pairwise species level traits of the two encountering individuals: phylogenetic
relatedness, body size ratio and diet categories. For conspecific models, pairwise
information was not required because both individuals possess the same species
characteristics, so we used only species diet and body size.

To test the influence of abiotic factors, both models also included water
temperature to the nearest 1°C (measured in situ) at the time of the observation
and coral cover at each reef during the relevant survey. Although structural
complexity can also be an important factor affecting reef fish communities and
behaviour, we were unable to include this as a predictor due to lack of data.
However, we do not believe structural complexity would drive the aggression
changes we observe because coral mortality caused by biological impacts, such as
bleaching or crown-of-thorns (as opposed to physical, for example, cyclones), is
not generally followed by a loss of complexity for between 4-10 years
after the event'.

Diet was classified as obligate corallivore, facultative corallivore or non-coral
invertivore”. Phylogenetic relatedness was represented by branch length between
each species pair in the phylogeny", calculated with the ape package v.4.1*.

Body sizes were based on maximum length recorded for each species in FishBase
(www.fishbase.org, downloaded 20 July 2017). Chaetodon andamanensis and C.
triangulum were missing from the phylogenetic tree and, therefore, were excluded
from further analysis, reducing the data by 82 encounters.

‘We grouped observations at three nested hierarchical levels. At the lowest
level, encounters were grouped by observation to account for the repeated
measures design whereby a single individual could have experienced multiple
encounters. Second, we grouped observations by reef to account for site-level
variation not captured by our abiotic variables. Last, we grouped reefs by region to
account for differences in climate, historical biogeography or other unmeasured
variables. To minimize collinearity amongst dummy variables necessary to
include nominal data, we chose the category with the largest number of samples
as the reference category.

We used weakly informative priors to constrain the coefficients of the
predictors and the intercept. Continuous predictors were centred on zero
and scaled to have a standard deviation of 1, and we used a prior of a normal
distribution with mean 0 and standard deviation of 1, which assumes large
coefficients are unlikely. This assumption is particularly useful in complex models
that struggle to converge in a frequentist framework. Here, larger standard
deviations on the prior distribution led to very high rejection rates for the initial
parameter values. Priors for the correlation matrix of the hierarchical groups were
Gamma distributions with shape and scale parameters set to 1 (ref. ).

Models were implemented in RStanArm v.2.14.1* with the No-U-Turn
Sampler variant of the Hamiltonian Monte Carlo algorithm because it is highly
efficient at sampling parameter space, automates fine-tuning of the Hamiltonian
Monte Carlo, deals well with correlated parameters and provides robust inference*.
We ran 4 chains with 2,000 iterations, discarding the first 1,000 iterations as a
burn-in period. The target average proposal acceptance probability was set to 0.995
to avoid divergent transitions. We verified chain convergence with R (converged
if<1.1) and visual inspection of the chains and autocorrelation plots. We tested
for collinearity in the model by quantifying the Pearson correlation between all
Markov chain Monte Carlo chains across parameter pairs. Models met assumptions
(cross-correlation between chain values for predictors <0.6; Supplementary Figs. 5
and 6) and performed well.

Models were not strongly influenced by grouping variables (that is, region, reef,
focal fish), indicating that the results were consistent and general among regions of
the central Indo-Pacific regardless of the survey locations, survey times or species
pools. The only exception was Paloh reef in Aceh, where the aggression probability
overall was lower than that found at other reefs.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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Research sample 38 species of fish in the genus Chaetodon were observed

Sampling strategy We aimed to observe at least 10 encounters between each species pair combination at each field site. However, in the case of the
less abundant species, we observed as many individuals as we could locate. Sample sizes were also constrained by the maximum
number of individuals that could be observed during our field trips as it was important to the research to include different locations
to enable us to identify consistent patterns of behaviour. We used a U-shaped search pattern to ensure as far as possible that we did
not observe the same individual or pair as the focal animal more than once.

Data collection Aggression observations: we followed a focal fish for five minutes and recorded as an encounter every congeneric that came within 1
m of that individual. Encounters were categorised as passive when there was no observed change in behaviour, or aggressive when
one or both individuals engaged in display or chasing behaviour.

Feeding observations: we used the same protocols for selecting and following a focal fish as for aggression. Over three minute
observation periods, we recorded the substrate from which each bite was taken, identifying hard corals to species following
Pratchett.

Chaetodon abundance & coral cover: we quantified the abundance of butterflyfishes with 50 x 5 m belt transects and the cover of
hard corals (Scleractinia) was recorded every 0.5 m along 50 m point intercept transects at each of two depths (1 and 5 m). Fish and
coral surveys were conducted along the same transects, with the coral surveyor trailing the fish surveyor and recording benthic
cover.

Timing and spatial scale Iriomote, Japan: 25th June - 10th July 2016; 12th July - 23rd July 2017
Luzon, Philippines: 20th March - 10th April 2016; 9th October - 21st October 2016
Christmas Island, Indian Ocean: 12th September - 28th September 2015; 25th June - 10th July 2017
Bali, Indonesia: 5th November - 26th November 2015; 21st June - 22nd June 2016
Aceh, Indonesia: 18th February - 23rd February 2016; 2nd - 13th February 2017

Data exclusions As reported in our Methods, two species were excluded from the regression analysis because phylogenetic data were not available
for them. These species contributed <1% of the total samples.

Reproducibility The observations and the natural experiment was replicated across multiple geographic regions.
Randomization This is not relevant because we take advantage of a natural experiment so randomization was possible.
Blinding Blinding was not possible for fieldwork.

Did the study involve field work?  [X] Yes [ Jno

Field work, collection and transport

Field conditions Field work took place at depths of 1 m - 5 m in benign sea conditions on tropical coral reefs. Longitude and latitude of each
individual reef are reported in Supplementary Table 1 and are located in the central Indo-Pacific.

Location See above

Access and import/export At each location we worked with local researchers and institutions to ensure we had the necessary permissions. Our study
involved no invasive methods, only observations.
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Disturbance No disturbance was caused by the study.
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Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The study did not involve laboratory animals

Wild animals 38 species of fish in the genus Chaetodon were observed. Individual age range is estimated at 1 - 7 years based on known
longevity of these species.

Field-collected samples The study did not involve samples collected from the field.
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