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that climate change-induced anemone bleaching impairs a 
secondary mutualism between anemones and an anemone-
associated fish species, the threespot dascyllus (Dascyllus 
trimaculatus). Field-based monitoring over a 1-year period 
showed anemones that bleached experienced decreased 
recruitment of larval D. trimaculatus compared to those 
that did not bleach, with abundances of newly settled D. tri-
maculatus three times lower in bleached versus unbleached 
anemones. A visual choice experiment showed that this pat-
tern is associated with fish being less attracted to bleached 
anemones, and a predation experiment demonstrated that 
fish associated with bleached anemones experienced higher 
mortality compared to those associated with unbleached 
anemones. These results suggests that the decreased recruit-
ment of D. trimaculatus observed in bleached anemones 
may be driven by hampered pre-settlement (habitat selec-
tion) and post-settlement (survival to predation) processes 
for larval D. trimaculatus in bleached hosts. This study 

Abstract In marine environments, mutualisms such as 
those between corals or sea anemones and their algal sym-
bionts (Symbiodiniaceae) play a key role for supporting 
surrounding biodiversity. However, as the breakdown of 
the mutualism between corals and/or anemones and Sym-
biodiniaceae (i.e. bleaching) become increasingly frequent 
and severe, the risk of losing the additional species that rely 
on them may also increase. While the effects of anemone 
bleaching on the biology and ecology of anemone-associated 
fishes have been the subject of recent research, relatively 
little is known about the impacts that anemone bleaching 
might have on the recruitment of larval fish. Here, we report 
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highlights the risk of cascading mutualism breakdowns in 
coral reefs as conditions deteriorate and stresses the impor-
tance of protecting these mutualisms for the maintenance of 
coral reef biodiversity.

Keywords Mutualism breakdown · Climate change · 
Coral reef · Symbiosis · Predator–prey interactions

Introduction

The world’s ecosystems are changing at an unprecedented 
rate (Pugnaire et al. 2019), with human activities and climate 
change impacting species and their interactions (Baker et al. 
2018; Guiden et al. 2019). Consequently, the breakdown of 
ecologically important relationships, such as mutualisms 
(i.e. cooperative interactions between species), has become 
more common in recent years (De Fouw et al. 2016; Hec-
tor et al. 2022). These breakdowns can result in large-scale 
biodiversity losses, threatening ecosystem structure and 
function (Stuart-Smith et al. 2018; Vidal et al. 2021), and 
highlight the need to further examine how these cooperative 
relationships fare in the face of change.

Across the world’s coral reefs, biodiversity is supported by 
the mutualisms that exist between organisms such as corals 
or sea anemones, and their algal endosymbionts Symbiod-
iniaceae (Goulet and Goulet 2021). In addition to supporting 
diverse species assemblages through the creation of habitat 
and resources (Brooker et al. 2019; Chomicki et al. 2019), 
these relationships also support secondary mutualisms, such 
as those between fishes and anemones (Fautin 1991). Anem-
one-associated fishes provide increased aeration and nutrition 
to anemones (Szczebak et al. 2013; Lim et al. 2016), which 
in turn provide protection to fishes from predators (Mariscal 

1970; Fautin 1991; Feeney et al. 2019). Similar to the relation-
ships between corals or anemones and Symbiodiniaceae, the 
symbioses between anemone-associated fishes and anemones 
support surrounding biodiversity, for example by facilitating 
the coexistence of multiple fish and crustacean species around 
the anemone (Fautin 1991; Schmitt and Holbrook 2003; 
Brooker et al. 2019). These compounding positive effects high-
light how mutualism breakdown might affect the relationships 
and ecological processes that rely on them.

The past decade has seen increasingly recurrent and wide-
spread mutualism breakdowns between corals or anemones 
and Symbiodiniaceae (i.e. bleaching) across the world’s 
coral reefs (Hughes et al. 2018). Such bleaching events cause 
declines in the abundance and diversity of fishes associated 
with bleached hosts (Pratchett et al. 2011, 2018). In anemones, 
bleaching events have detrimental impacts on the abundance, 
behaviour, fecundity, growth rate, hormonal pathways, and 
metabolism of anemone-associated fishes (Saenz-Agudelo 
et al. 2011; Beldade et al. 2017; Norin et al. 2018; Cortese 
et al. 2021; Hoepner and Fobert 2022). However, relatively 
little is known about the impact that anemone bleaching has 
on the recruitment of larval anemonefishes (Saenz-Agudelo 
et al. 2011) and other damselfish species that live in obligate 
association with anemones during their settlement and juve-
nile stages (e.g. threespot dascyllus, Dascyllus trimaculatus; 
Schmitt and Holbrook 1996, 2000, 2003; Feeney et al. 2019). 
Given the importance of larval recruitment for the resilience 
of fish populations (Jones et al. 2009), and the importance of 
fish recruitment for the resilience to bleaching of their coral 
and anemone hosts (Chase et al. 2018; Pryor et al. 2020), it is 
key to better understand whether and how larval recruitment 
processes of anemone-associated fishes can be impacted by 
anemone bleaching.

In this study, to examine whether temperature-induced 
anemone bleaching was associated with reduced rates of 
fish recruitment, we first performed a 1-year in situ survey 
to monitor the abundance of newly settled and juvenile D. 
trimaculatus in unbleached and bleached magnificent sea 
anemone (Heteractis magnifica). We then conducted two 
laboratory experiments to determine whether pre-settle-
ment processes (e.g., habitat selection and fish preferences 
for unbleached vs. bleached anemones) and/or post-settle-
ment processes (e.g., predation and differential survival in 
unbleached vs. bleached anemones) drive D. trimaculatus 
recruitment patterns. In the first experiment, we performed a 
visual choice experiment using newly settled D. trimaculatus 
to determine their visual preference for unbleached versus 
bleached H. magnifica. In the second experiment, we con-
ducted a predation test to investigate whether the protective 
benefits typically conferred to newly settled D. trimaculatus 
through their association with H. magnifica were reduced in 
bleached versus unbleached anemones.
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Materials and methods

Study species

The threespot dascyllus (Dascyllus trimaculatus) is a com-
mon coral reef fish in the Indo-West Pacific that is an obli-
gate associate of the magnificent anemone (Heteractis mag-
nifica) in French Polynesia during its settlement and juvenile 
stages (Bernardi et al. 2001; Feeney et al. 2019). Dascyllus 
trimaculatus breed year-round; however, settlement princi-
pally occurs twice a month around quarter moon phases, 
with pulses lasting between 3 and 5 days and peaking in 
June, July and August at Moorea, French Polynesia (our 
study location) (Schmitt and Holbrook 1999). Newly settled 
individuals are morphologically distinct from juveniles: their 
tail remains transparent for seven days following settlement 
(Schmitt and Holbrook 1996). Therefore, there is a 5-day 
period, spanning from 2 days before to 3 days after the new 
moon and full moon phases, during which it is possible to 
distinguish newly settled fish from juveniles that settled in a 
previous settlement pulse.

Study site and anemone monitoring

Research was conducted at Moorea (17° 29′ S, 149° 49′ W), 
French Polynesia, between August 2015 and August 2016. 
Field monitoring and sampling were conducted around the 
island, and aquaria experiments were conducted at CRIOBE 
research station. Periodic monitoring of 17 discrete anemone 
patches was conducted in an 800  m2 area (depth: 1–3 m) 
at the north-east of the island (17° 29.854′ S–149° 45.247′ 
W to 17° 29.864′ S–149° 45.253′ W). Each anemone patch 
consisted of one to five individual anemones in contact with 
one another (minimum distance between two patches: 2 m). 
Given the narrowness of the lagoon at this location and the 
consequent strong water current, all anemone patches expe-
rienced similar temperatures (http:// obser vatoi re. criobe. pf/ 
CRIOB EData/ displ aySon deLive. jsp). Patches were moni-
tored at every full and new moon during the study period 
(n = 25 monitoring events). During each monitoring event 
at each anemone patch, newly settled and juvenile individu-
als were counted by observers on snorkel. Each patch was 
classified as bleached if at least one individual anemone was 
bleached (determined using a colour score; Siebeck et al. 
2006), or unbleached if all anemones within a patch were 
unbleached.

Sampling and husbandry of anemones and fishes

Anemones (~ 20  cm diameter, orange colour morph), 
either fully unbleached or naturally fully bleached, but 
otherwise similar (tentacles extended, solid attachment to 

substrate, closed mouth), were collected from shallow reef 
flats (depth: 1–5 m) on the north and southeast coasts of 
the island. Following collection, anemones were held in 
two 125 L (50 × 50 × 50 cm) aquaria (one for unbleached 
and one for bleached anemones) with ambient water flow 
for 48 h before being used in experiments. Each anemone 
was fed with a 1  cm2 piece of mashed prawn every 48 h 
when not being used in an experiment. More than 200 
newly settled fish individuals were collected from the same 
southeast location as the anemones (i.e. from a mix of 
unbleached and bleached anemone patches located very 
nearby from one another), using hand nets. This sam-
ple size (see visual choice and predation experiments 
below) could only be achieved at this location, which 
unfortunately did not allow us to determine the previ-
ous settlement choice of these individuals (the vicinity 
of all unbleached and bleached anemones patches in this 
location permitted the newly settled D. trimaculatus to 
move freely from one patch to another while we sampled 
them). After sampling, newly settled individuals were held 
together in a 125 L aquarium with ambient water flow for 
48 h before being tested in either the visual choice or pre-
dation experiments. Newly settled individuals were not fed 
during this acclimation period. Blacktail snappers (Lut-
janus fulvus, a common predator of settlement-stage reef 
fishes; Besson et al. 2020) of ~ 15 cm standard length were 
collected at night using hand nets on shallow reef flats 
(depth: 1–10 m) on the north coast of the island. Snappers 
were kept in a 125 L aquarium where they were fed daily 
with prawns to satiation, but were not fed for 48 h prior to 
the predation experiments. All holding tanks had a con-
stant supply of fresh seawater and aeration, and shelters for 
fish. Different fish and anemones were used for each trial 
within each experiment. Following experimentation, all 
organisms were released back to their collection location.

Visual choice experiment

We conducted a choice experiment to assess whether 
newly settled individuals could distinguish between visual 
cues from bleached versus unbleached anemones. During 
each trial (n = 10 trials), 10 newly settled fish were placed 
into a 500 L visual choice aquarium (250 × 80 × 25 cm) 
where they acclimated for 5 min in a 40 × 40 cm area, 
enclosed with fine mesh, on one side of the aquarium 
(Supplementary Fig. 1). After the acclimation period, 
the mesh was removed, enabling the fish to navigate the 
full aquarium. At the opposite side of the aquarium, two 
transparent 18 L aquaria (30 × 20 × 30 cm), separated by 
40 cm, presented two distinct visual stimuli: an unbleached 
anemone and a bleached anemone (Supplementary Fig. 1). 
Anemones were presented in separate aquaria to ensure 

http://observatoire.criobe.pf/CRIOBEData/displaySondeLive.jsp
http://observatoire.criobe.pf/CRIOBEData/displaySondeLive.jsp
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that only visual cues were available to the fish. Visual 
preference was assessed by counting the number of fish 
located within 10 cm of the edge of the aquaria where the 
visual stimuli were presented, at 1 min and 5 min after 
release. These aquaria were switched between each trial 
to account for any potential side bias.

Predation experiment

We conducted a predation experiment to test whether the 
protection benefits conferred through anemone associa-
tions changed in bleached versus unbleached anemones. 
Prior to each trial (n = 10 trials per treatment), a bleached or 
unbleached anemone was placed in a 125 L aquarium in an 
open seawater circuit. The anemone was then left for 30 min 
to acclimate, after which 10 newly settled fish were intro-
duced. After allowing the fish to habituate to the anemone 
(30 min), two snappers were introduced into the aquaria for 
24 h. Each tank had a shelter (concrete block) for the snap-
pers to hide. Following the 24 h experimental period, we 
counted the number of fish remaining in the aquaria.

Statistical analyses

All statistical analyses were conducted using R version 3.5.3 
(R Core Team 2020). We used negative binomial generalised 
mixed-effects models using the glmmTMB package (Brooks 
et al. 2017) to assess if anemone patch status (unbleached/
bleached), moon phase (new moon/full moon), the abun-
dance of juveniles and the interactions between the abun-
dance of juveniles and the categorical factors influenced 
the abundance of newly settled fish in anemone patches. 
Anemone patch identity was included as a random factor 

to account for potential inter-patch differences (e.g. number 
of anemones in the patch, patch surface area). Similarly, a 
first-order auto-regression covariance structure (AR1) was 
included to control for residual serial dependence between 
temporally observed counts (Zuur et al. 2009; Mitchell et al. 
2020). The resulting negative binomial model formulation 
was therefore given as follows:

where X is the i x p matrix of the p predictor variables/fixed 
effects, β is the p × 1 vector of predictor regression coef-
ficients, Z is an i x q design matrix for the random effect 
variables, and b is the final q × 1 vector of random effects. 
In this model, however, b is composed of two parts, the ran-
dom effect of patch identity  (b0,i,q where q is the patch index 
and i is the count index) and the autoregressive covariance 
matrix between counts (εij), where ρ is the estimated cor-
relation coefficient. This means that as time between counts 
increases, the count variability become less similar, whereas 
temporally adjacent counts are more strongly correlated.

A top-down approach was then used to arrive at the 
best descriptive model (Supplementary Tables 1–2), using 
Likelihood Ratio Tests and the Akaike Information Crite-
rion (AIC) to assess the loss of explanatory power follow-
ing the removal of an interaction or single-term predictor 
(Akaike 1973). Following this, Tukey’s post hoc tests were 
carried out using the glht function in the multcomp pack-
age (Hothorn et al. 2008). Using the same procedure, we 
evaluated if the anemone patch status and the moon phase 
influenced the abundance of juveniles in anemone patches. 
Once these models were established using the data from 
the entire monitoring period, the same models were fitted 
on a subset of the data from weeks 12 to 18 and 27 to 29, 
representing a shorter period of time when both unbleached 
and bleached anemone patches were present. This was used 
to control for any potential effect of season conflating the 
effect of anemone bleaching across the entire 1-year moni-
toring period.

The number of newly settled fish that chose the visual 
stimulus of the unbleached anemone versus the bleached 
anemone at 1 min and at 5 min, and the number of survivors 

yi ∼ NB
(
yi|�i, �

)

log
(
�i

)
= Xiβ + Zib

biq = b0,iq + �i

�i =

⎡⎢⎢⎢⎢⎣

1 � �2 ⋯ �n−1

� 1 � ⋯ �n−2

�2 � 1 ⋯ �n−3

⋮ ⋮ ⋮ ⋱ ⋮

�n−1 �n−2 �n−3 ⋯ 1

⎤⎥⎥⎥⎥⎦

Fig. 1  Relative abundance of newly settled (a) and juvenile (b) Das-
cyllus  trimaculatus in unbleached and bleached anemones over a 
1-year period at Moorea, French Polynesia. Orange and white circles 
indicate mean (± se) for unbleached and bleached anemone patches, 
respectively. Respective orange, grey and white backgrounds indicate 
periods when all anemone patches were unbleached (orange), some 
anemone patches were unbleached and others were bleached (i.e. 
bleaching and recovery periods) (grey), or all anemone patches were 
bleached (white). On the x-axis, yellow and black circles, and their 
associated number, indicate full and new moon, and their associated 
week, respectively. c Fitted values of newly settled D. trimaculatus 
abundance according to juvenile abundance and anemone patch sta-
tus (negative binomial generalized linear mixed-effects model ± 95% 
confidence intervals). d and e Abundance of newly settled and juve-
nile (respectively) D. trimaculatus in unbleached versus bleached 
anemone patches during the “bleaching and recovery periods” (i.e. 
weeks 12–18, and 27–29, when both types of anemones were simul-
taneously present). Boxplots indicate the minimum (Q1 − 1.5 × Inter-
quartile Range (IQR)), first quartile (Q1), median, third quartile (Q3), 
maximum (Q3 + 1.5 × IQR), and circles indicate each fitted value. P 
values correspond to Tukey post hoc test outputs

◂
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in bleached versus unbleached anemones were compared 
using one sided, paired and unpaired, respectively, Wilcoxon 
rank-sum tests.

Ethics statement

This study was carried out in accordance with the French 
Polynesia Code de l’Environnement for animal ethics and 
scientific research (https:// www. servi ce- public. pf/ diren/ 
parta ger/ code/).

Results

Effect of anemone bleaching on fish recruitment

No anemones were bleached when monitoring started 
(August 2015) and until week 10 (February 2016) 
(“unbleached” period, Fig. 1a–b). Anemone bleaching was 
first detected in week 12 (March 2016) and the number of 
anemone patches being bleached persistently increased until 
week 18 (April 2016) (“bleaching” period, Fig. 1a–b). All 
anemone patches were bleached from week 20 (May 2016) 
to week 25 (June 2016) (“bleached” period, Fig. 1a–b). 
Recovery began at week 27 (July 2016) with the number 
of anemone patches being bleached constantly decreasing 
until week 29 (July 2016) (“recovery” period, Fig. 1a–b). 
No anemone exhibited evidence of bleaching by week 
31 (August 2016) and until the end of the survey: second 
unbleached period (Fig. 1a–b).

The number of newly settled and juvenile D. trimaculatus 
varied across the study period (Fig. 1a–b), with the number 
of newly settled fish being positively influenced by the num-
ber of juveniles present on an anemone patch ( �2

1
 = 31.441, 

P = 2.056e−08, Fig. 1c; Supplementary Table 3). Anemone 
patch status also had a significant effect on the abundance 
of newly settled fish, which was three times lower per patch 

in bleached versus unbleached anemone patches, when con-
sidering either the full monitoring period ( �2

1
 = 158.317, 

P < 2.2e−16; Supplementary Fig. 2; Supplementary Table 3) 
or the “bleaching” and “recovery” periods (during which 
both bleached and unbleached anemones were observed, i.e. 
weeks 12–18 and 27–29; �2

1
 = 45.051, P = 1.920e−11 Fig. 1d; 

Supplementary Table 4). However, we found no interaction 
between juvenile abundance and anemone patch status on 
new settler abundance (likelihood ratio test, �2

−1
 = 0.150, 

P = 0.699), which is consistent with the absence of effect of 
anemone patch status on the abundance of juveniles, whether 
we consider the full period ( �2

1
 = 3.639, P = 0.056; Supple-

mentary Fig. 3; Supplementary Table 5) or the bleaching/
recovery period ( �2

1
 = 0.801, P = 0.371; Fig. 1e; Supplemen-

tary Table 6). We also observed no effect of full moon and 
new moon on the abundance of either newly settled or juve-
nile fish (Supplementary Tables 1–2).

Visual preferences and survival

For the visual preference experiment, in each trial, all newly 
settled fish immediately moved to the side of the aquarium 
near the choice areas and no individuals remained near 
the acclimation area (Supplementary Fig. 1). After both 
1 min and 5 min, all fish were in a choice area, and sig-
nificantly more individuals selected the visual stimuli of the 
unbleached anemone over the bleached anemone (V = 48, 
P = 0.020, and V = 55, P = 0.003, respectively; Fig. 2a).

For the predation experiment, after 24 h of exposure to 
two predators (blacktail snappers), D. trimaculatus that were 
associated with an unbleached anemone exhibited signifi-
cantly higher survival (99 ± 1%) than those that were in a 
bleached anemone (83 ± 3%) (W = 93, P < 0.001, Fig. 2b).

Fig. 2  Number of fish 
associated with bleached and 
unbleached anemones following 
1 min and 5 min visual choice 
experiment (a), and number of 
fish remaining on unbleached 
or bleached anemone follow-
ing 24 h predation experiment 
(b). In both a and b, orange and 
white circles indicate mean ± se, 
and transparent circles indicate 
each data point

https://www.service-public.pf/diren/partager/code/
https://www.service-public.pf/diren/partager/code/
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Discussion

Our long-term anemone monitoring indicates that temper-
ature-induced anemone bleaching significantly reduces the 
recruitment of larval D. trimaculatus. Our laboratory experi-
ments suggest that this recruitment pattern may be driven by 
hampered pre- and post-settlement processes in bleached 
anemones. Indeed, our visual choice experiment showed 
that newly settled fish have decreased visual preferences for 
bleached anemones; however, it is possible that the initial 
settlement choice made by these fish (before we sampled 
them) influenced their second (laboratory) choice. Neverthe-
less, our predation experiment indicates that fish associated 
with a bleached anemone experienced significantly higher 
predation compared to those associated with an unbleached 
anemone. Taken together, these results suggest that bleached 
anemones are less attractive and confer less protection to 
newly settled D. trimaculatus than unbleached anemones.

While recent research suggests that anemone bleach-
ing does not impact nematocyst toxicity (Hoepner et al. 
2019), past research demonstrated that bleached anemones 
can decrease in body size, potentially reducing their ability 
to provide shelter and increasing the likelihood of preda-
tion for associated fish (Saenz-Agudelo et al. 2011). The 
shelter characteristics of bleached anemones are further 
hampered by the white colour of the bleached host, which 
likely make newly settled and juvenile D. trimaculatus indi-
viduals (mostly black) more conspicuous, and thus more 
prone to predation (Coker et al. 2009). In the anemonefish 
Amphiprion chrysopterus, diminished growth and metabolic 
rates were observed in juvenile individuals associated with 
bleached H. magnifica anemones (Norin et al. 2018; Cor-
tese et al. 2021). Moreover, A. chrysopterus juveniles were 
shown to spend more time out of their H magnifica anemone 
when bleached (Cortese et al. 2021). While we did not meas-
ure these variables, these results in another anemone-asso-
ciated fish species are consistent with the higher predation 
risk and decreased recruitment success observed in bleached 
anemones in our study. Additionally, increased stress hor-
mone levels have been observed in A. chrysopterus associ-
ated with bleached H. magnifica (Beldade et al. 2017). The 
alteration of such endocrine pathways is known to impair 
larval fish sensory organ maturation and sensory abilities 
during recruitment (Besson et al. 2020), which may also help 
explain the increased vulnerability to predation of newly set-
tled D. trimaculatus in bleached anemones. Furthermore, the 
visual preference of new settlers for unbleached anemones 
compared to bleached anemones suggests that the decreased 
recruitment of D. trimaculatus in bleached anemones result 
from a combination of impaired pre-settlement (habitat 
selection) and post-settlement (survival in the selected habi-
tat) processes. Additionally, the increased temperatures that 
can cause anemones to bleach can also impair anemonefish 

physiology (Pankhurst and Munday 2011), regardless of if 
they settled in a bleached or unbleached anemone, which 
could explain the decreasing abundance of juvenile D. tri-
maculatus observed in our study over the bleaching and 
bleached periods.

Given that the key benefits conferred through the fish-
anemone relationship, to both the anemones and fish, are 
diminished by bleaching, our results suggest that the initial 
breakdown of the mutualism between anemones and Symbi-
odiniaceae impairs the secondary mutualism between anem-
ones and fish. It is well-established that the breakdown of 
mutualisms that support biodiversity can lead to decreased 
availability of ecologically important resources and nega-
tively impact the biodiversity and ecological processes that 
relies on those resources (Hughes et al. 2018). Our results 
show that the presence of juveniles increases recruitment 
rates of new settlers, that anemone bleaching reduces the 
likelihood of habitat selection, and that fish associated with a 
bleached anemone do not receive a key benefit typically con-
ferred through this partnership (i.e. refuge from predation; 
Feeney et al. 2019). Likewise, as the benefits conferred to 
anemones (e.g., increased aeration and nutrition, Szczebak 
et al. 2013; Lim et al. 2016; and promoted growth, Holbrook 
and Schmitt 2005) rely on the presence of anemonefishes, 
a decrease in the recruitment of larval anemonefishes, and 
potentially other anemone-associated fishes such as D. 
trimaculatus, could decrease these benefits. In corals, the 
presence of symbiotic fishes, through the service they pro-
vide, positively influenced the host colonies susceptibility to 
bleaching, and recovery from bleaching (Chase et al. 2018). 
Given that the same positive effects have been demonstrated 
for anemonefishes on the resilience of anemones to bleach-
ing (Pryor et al. 2020), our results suggest that a reduced 
recruitment of larval fishes into bleached anemones may 
trigger a negative feedback loop. Indeed, a reduced recruit-
ment of fish into bleached anemones could decrease their 
resilience and recovery from bleaching, further decreasing 
their ability to recruit new fish. Therefore, in addition to 
supporting a broad literature that shows biodiversity costs 
associated with mutualism breakdown, our results are con-
sistent with the hypothesis that mutualism breakdowns and 
impairments may compound coral reef degradation through 
the progressive reduction in, or removal of, the resources 
that each mutualism creates.

In conclusion, our findings show that the breakdown of 
one mutualism (i.e. anemone bleaching) impair ecologi-
cal processes (i.e. pre- and post-settlement processes and 
recruitment of a larval fish) that could ultimately lead to the 
breakdown of a secondary mutualism (i.e. between anemo-
nes and anemone-associated fishes). Our results therefore 
support the idea that one mutualism breakdown may precede 
cascading mutualism breakdowns through the progressive 
loss of ecologically important resources that are produced 
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as a by-product of these mutualistic relationships (Kiers 
et al. 2010). Considering that virtually all organisms rely on 
mutualisms for their survival (Bronstein 2015), this study 
highlights the importance of protecting Symbiodiniaceae-
anemone and fish-anemone mutualisms, as this may confer 
disproportionate benefits for maintaining coral reef biodi-
versity and ecosystem functions.

Acknowledgements We thank J-O Irisson and D Cortese for their 
help inputting the statistic models. We thank I Moniz, L François, 
A Savura, L Latry, P Schep, D Van Oosten, H Dore, T Lorin and M 
Calvez for their help in the field.

Author contributions MB, WEF, and DL conceived the study, with 
important contributions from CG, RMB, ZLC, and VL; field data and 
experiments were conducted by MB, CG, and CB; statistical analyses 
were conducted by MB and DAO; MB and WEF wrote the manuscript 
with input from all authors.

Funding MB was supported by Fondation Bettencourt-Schueller; 
WEF, ZLC and RMB were supported by IRCP-OPT-ECO Research 
Grants, and WEF by the Alexander von Humboldt Foundation; DL and 
VL were supported by Fondation de France (2019-08602), ANR-19-
CE34-0006-Manini, and ANR-19-CE14-0010-SENSO.

Data availability Data and code supporting the results are available 
at https:// doi. org/ 10. 5281/ zenodo. 66571 84.

Declarations 

Conflict of interest On behalf of all authors, the corresponding au-
thor states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Akaike H (1973) Information Theory and an extension of the maxi-
mum likelihood principle. Selected papers of Hirotugu Akaike. 
Springer, New York, pp 199–213

Baker DM, Freeman CJ, Wong JCY, Fogel ML, Knowlton N (2018) 
Climate change promotes parasitism in a coral symbiosis. ISME 
J 12:921–930

Beldade R, Blandin A, O’Donnell R, Mills SC (2017) Cascading 
effects of thermally-induced anemone bleaching on associated 

anemonefish hormonal stress response and reproduction. Nat 
Commun 8:1–9

Bernardi G, Holbrook SJ, Schmitt RJ (2001) Gene flow at three spa-
tial scales in a coral reef fish, the three-spot dascyllus, Dascyllus 
trimaculatus. Mar Biol 138:457–465

Besson M, Feeney WE, Moniz I, François L, Brooker RM, Holzer 
G, Metian M, Roux N, Laudet V, Lecchini D (2020) Anthropo-
genic stressors impact fish sensory development and survival 
via thyroid disruption. Nat Commun 11:1–10

Bronstein JL (2015) Mutualism. Oxford University Press
Brooker RM, Feeney WE, Sih TL, Ferrari MCO, Chivers DP (2019) 

Comparative diversity of anemone-associated fishes and deca-
pod crustaceans in a Belizean coral reef and seagrass system. 
Mar Biodivers 49:2609–2620

Brooks M, Kristensen K, Benthem K, van Magnusson A, Berg C, 
Nielsen A, Skaug H, Mächler M, Bolker B (2017) glmmTMB 
balances speed and flexibility among packages for zero-inflated 
generalized linear mixed modeling. R J 9:378

Chase TJ, Pratchett MS, Frank GE, Hoogenboom MO (2018) Coral-
dwelling fish moderate bleaching susceptibility of coral hosts. 
PLoS One 13:e0208545

Chomicki G, Weber M, Antonelli A, Bascompte J, Kiers ET (2019) 
The impact of mutualisms on species richness. Trends Ecol Evol 
34:698–711

Coker DJ, Pratchett MS, Munday PL (2009) Coral bleaching and 
habitat degradation increase susceptibility to predation for 
coral-dwelling fishes. Behav Ecol 20:1204–1210

Cortese D, Norin T, Beldade R, Crespel A, Killen SS, Mills SC 
(2021) Physiological and behavioural effects of anemone 
bleaching on symbiont anemonefish in the wild. Funct Ecol 
35:663–674

De Fouw J, Govers LL, Van De Koppel J, Van Belzen J, Dorigo W, 
Sidi Cheikh MA, Christianen MJA, Van Der Reijden KJ, Van 
Der Geest M, Piersma T, Smolders AJP, Olff H, Lamers LPM, 
Van Gils JA, Van Der Heide T (2016) Drought, mutualism break-
down, and landscape-scale degradation of seagrass beds. Curr 
Biol 26:1051–1056

Fautin D (1991) The anemonefish symbiosis: what is known and what 
is not. Symbiosis 10:23

Feeney WE, Brooker RM, Johnston LN, Gilbert JDJ, Besson M, Lec-
chini D, Dixson DL, Cowman PF, Manica A (2019) Predation 
drives recurrent convergence of an interspecies mutualism. Ecol 
Lett 22:256–264

Goulet TL, Goulet D (2021) Climate change leads to a reduction in 
symbiotic derived cnidarian biodiversity on coral reefs. Front Ecol 
Evol 9:636279

Guiden PW, Bartel SL, Byer NW, Shipley AA, Orrock JL (2019) Pred-
ator-prey interactions in the anthropocene: reconciling multiple 
aspects of novelty. Trends Ecol Evol 34:616–627

Hector TE, Hoang KL, Li J, King KC (2022) Symbiosis and host 
responses to heating. Trends Ecol Evol. https:// doi. org/ 10. 3390/ 
toxin s1105 0266

Hoepner CM, Abbott CA, da Silva KB (2019) The ecological impor-
tance of toxicity: sea anemones maintain toxic defence when 
bleached. Toxins (Basel) 11:266

Hoepner CM, Fobert EK (2022) Just keep swimming: long-distance 
mobility of tomato clownfish following anemone bleaching. Ecol-
ogy 103(3):e3619. https:// doi. org/ 10. 1002/ ecy. 3619

Holbrook SJ, Schmitt RJ (2005) Growth, reproduction and survival of 
a tropical sea anemone (Actiniaria): benefits of hosting anemone-
fish. Coral Reefs 24:67–73

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in gen-
eral parametric models. Biom J 50:346–363

Hughes TP, Anderson KD, Connolly SR, Heron SF, Kerry JT, Lough 
JM, Baird AH, Baum JK, Berumen ML, Bridge TC, Claar DC, 
Eakin CM, Gilmour JP, Graham NAJ, Harrison H, Hobbs JPA, 

https://doi.org/10.5281/zenodo.6657184
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/toxins11050266
https://doi.org/10.3390/toxins11050266
https://doi.org/10.1002/ecy.3619


Coral Reefs 

1 3

Hoey AS, Hoogenboom M, Lowe RJ, McCulloch MT, Pandolfi 
JM, Pratchett M, Schoepf V, Torda G, Wilson SK (2018) Spatial 
and temporal patterns of mass bleaching of corals in the anthro-
pocene. Science 359:80–83

Jones GP, Almany GR, Russ GR, Sale PF, Steneck RS, van Oppen 
MJH, Willis BL (2009) Larval retention and connectivity among 
populations of corals and reef fishes: history, advances and chal-
lenges. Coral Reefs 28:307–325

Kiers TE, Palmer TM, Ives AR, Bruno JF, Bronstein JL (2010) Mutual-
isms in a changing world: an evolutionary perspective. Ecol Lett 
13:1459–1474

Lim AN, de La Guerra JA, Blumstein DT (2016) Sea anemones modify 
their hiding time based on their commensal damselfish. R Soc 
Open Sci 3:160169

Mariscal RN (1970) An experimental analysis of the protection 
of Amphiprion xanthurus cuvier & valenciennes and some 
other anemone fishes from sea anemones. J Exp Mar Biol Ecol 
4:134–149

Mitchell DJ, Dujon AM, Beckmann C, Biro PA (2020) Temporal auto-
correlation: a neglected factor in the study of behavioral repeat-
ability and plasticity. Behav Ecol 31:222–231

Norin T, Mills SC, Crespel A, Cortese D, Killen SS, Beldade R (2018) 
Anemone bleaching increases the metabolic demands of symbiont 
anemonefish. Proc R Soc B: Biol Sci 285:20180282

Pankhurst NW, Munday PL (2011) Effects of climate change on 
fish reproduction and early life history stages. Mar Freshw Res 
62:1015–1026

Pratchett MS, Hoey AS, Wilson SK, Messmer V, Graham NAJ (2011) 
Changes in biodiversity and functioning of reef fish assemblages 
following coral bleaching and coral loss. Diversity (Basel) 
3:424–452

Pratchett MS, Thompson CA, Hoey AS, Cowman PF, Wilson SK 
(2018) Effects of coral bleaching and coral loss on the struc-
ture and function of reef fish assemblages. Springer, Cham, pp 
265–293

Pryor SH, Hill R, Dixson DL, Fraser NJ, Kelaher BP, Scott A (2020) 
Anemonefish facilitate bleaching recovery in a host sea anemone. 
Sci Rep 10:1–9

Pugnaire FI, Morillo JA, Peñuelas J, Reich PB, Bardgett RD, Gaxiola 
A, Wardle DA, Van Der Putten WH (2019) Climate change effects 
on plant-soil feedbacks and consequences for biodiversity and 
functioning of terrestrial ecosystems. Sci Adv 5:1–12

R Core Team (2020) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria

Saenz-Agudelo P, Jones GP, Thorrold SR, Planes S (2011) Detrimental 
effects of host anemone bleaching on anemonefish populations. 
Coral Reefs 30:497–506

Schmitt RJ, Holbrook SJ (1999) Temporal patterns of settlement of 
three species of damselfish of the genus Dascyllus (Pomacen-
tridae) in the coral reefs of French Polynesia. In: Proceedings of 
the 5th indo-pacific fish conference, Noumea, New Caledonia, 
pp 537–551

Schmitt RJ, Holbrook SJ (1996) Local-scale patterns of larval settle-
ment in a planktivorous damselfish: do they predict recruitment? 
Mar Freshw Res 47:449–463

Schmitt RJ, Holbrook SJ (2000) Habitat-limited recruitment of coral 
reef damselfish. Sour: Ecol 81:3479–3494

Schmitt RJ, Holbrook SJ (2003) Mutualism can mediate competition 
and promote coexistence. Ecol Lett 6:898–902

Siebeck UE, Marshall NJ, Klüter A, Hoegh-Guldberg O (2006) Moni-
toring coral bleaching using a colour reference card. Coral Reefs 
25:453–460

Stuart-Smith RD, Brown CJ, Ceccarelli DM  (2018) Ecosystem 
restructuring along the Great Barrier Reef following mass 
coral bleaching. Nature 560:92–96. https:// doi. org/ 10. 1038/ 
s41586- 018- 0359-9

Szczebak JT, Henry RP, Al-Horani FA, Chadwick NE (2013) Anem-
onefish oxygenate their anemone hosts at night. J Exp Biol 
216:970–976

Vidal MC, Anneberg TJ, Cure AE, Althoff DM, Segraves KA (2021) 
The variable effects of global change on insect mutualisms. Curr 
Opin Insect Sci 47:46–52

Zuur A, Leno EN, Walker N, Saveliev AA, Smith GM (2009) Mixed 
effects models and extensions in ecology with R. Springer, New 
York

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

https://doi.org/10.1038/s41586-018-0359-9
https://doi.org/10.1038/s41586-018-0359-9

	Anemone bleaching impacts the larval recruitment success of an anemone-associated fish
	Abstract 
	Introduction
	Materials and methods
	Study species
	Study site and anemone monitoring
	Sampling and husbandry of anemones and fishes
	Visual choice experiment
	Predation experiment
	Statistical analyses
	Ethics statement

	Results
	Effect of anemone bleaching on fish recruitment
	Visual preferences and survival

	Discussion
	Acknowledgements 
	References




