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1  |  INTRODUC TION

In the face of climate change, multiple consecutive disturbances are 
becoming increasingly prevalent globally, and ecosystem stability 
is being threatened as a result (Hughes et al.,  2018; Turner,  2010). 
Relationships between organisms are important for maintaining eco-
system balance and diversity during these challenging times, especially 
when one of these organisms is a habitat-forming foundation species, 

for example, conifers, kelps, and corals (Angelini et al., 2011; Denton 
& Gokhale, 2019). Mutually beneficial symbioses (here termed “mutu-
alisms”) often promote the survival of foundation and partner species, 
but anthropogenic disturbances are adding extreme pressures on 
these relationships (De Fouw et al., 2016; Denton & Gokhale, 2019). A 
key question to arise is: will organisms in mutualisms respond similarly 
to consecutive disturbances, and what factors are important in the 
persistence of both partners (Marquis et al., 2014)?
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Abstract
Mutualisms are prevalent in many ecosystems, yet little is known about how sym-
bioses are affected by ecological pressures. Here, we show delayed recovery for 13 
coral-dwelling goby fishes (genus Gobiodon) compared with their host Acropora corals 
following four consecutive cyclones and heatwaves. While corals became twice as 
abundant in 3 years postdisturbances, gobies were only half as abundant relative to 
predisturbances and half of the goby species disappeared. Although gobies primar-
ily occupied one coral species in greater abundance predisturbances, surviving goby 
species shifted hosts to newly abundant coral species when their previously occupied 
hosts became rare postdisturbances. As host specialization is key for goby fitness, 
shifting hosts may have negative fitness consequences for gobies and corals alike and 
affect their survival in response to environmental changes. Our study is an early sign 
that mutualistic partners may not recover similarly from multiple disturbances, and 
that goby host plasticity, while potentially detrimental, may be the only possibility for 
early recovery.
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For symbioses in which one organism relies on the other for lim-
iting resources like food and shelter, the host species is a key de-
terminant of the fitness of its symbiotic partner (mediated through 
growth, feeding, and reproductive advantages) (Hughes et al., 2000; 
Munday, 2001). The benefits that the host incurs from their symbi-
otic partner may also vary with the species of the partner, for ex-
ample, specialized nutrients and protection (Douglas,  1998; Kiers 
et al.,  2010; Sensenig et al.,  2017). However, as disturbances are 
intensifying and occurring more frequently, some host species are 
being disproportionally affected than other hosts (Bonin,  2012; 
Douglas, 1998; Kiers et al., 2010). In response, symbiotic partners 
may leave their host if it becomes unhealthy (Pratchett et al., 2020; 
Sensenig et al., 2017), or they may stay and facilitate their mutual 
recovery (Chase et al., 2018; Kiers et al., 2010; Marquis et al., 2014).

On coral reefs, corals are host to many mutually symbiotic or-
ganisms, such as microbes, Symbiodinium algae, crabs, and coral-
dwelling fishes (McKeon et al., 2012; Munday et al., 1999; Thompson 
et al., 2015). These inhabiting symbiotic partners often specialize on 
particular host coral species, which they may leave or stay during 
environmental stress (Bonin,  2012; McKeon et al.,  2012; Munday 
et al., 1999; Thompson et al., 2015). Little is known about how climate 
change affects these mutualisms and the degree of host specializa-
tion by inhabiting taxa, despite the importance of these ecological 
partnerships. For example, coral-fish symbioses are important for 
coral health because inhabiting fish improve coral growth and pro-
tect corals from toxic algae, sedimentation, predation, and stagnant 
hot water build-up (Chase et al., 2018; Chase, Pratchett, McWilliam, 
et al.,  2020; Dirnwoeber & Herler,  2013; Dixson & Hay,  2012; 
Holbrook et al.,  2008; Lassig,  1981). Often, coral-dwelling fishes 
specialize on different hosts and vary to what extent they are spe-
cialized, which commonly can be categorized with those fish spe-
cies that live only in 1–3 coral species (host specialist) versus those 
that use 4–11 coral species (host generalist) (Bonin, 2012; Caley & 
Munday, 2003; Munday, 2001), here defined as coral richness speci-
ficity. Host specialization can also be defined as the extent to which 
one fish species will use one coral species over another, which can 
be calculated along a continuum (i.e., specificity continuum) or cat-
egorized based on a specific threshold (i.e., proportional coral spec-
ificity), for example, using a single coral species at least 75% of the 
time (host specialist) versus <75% of the time (host generalist). Host 
specialization by coral-dwelling fishes likely affects how both sym-
biotic partners recover given that climatic disturbances affect some 
hosts more than others (Froehlich et al., 2021; Hughes et al., 2019). 
Since fish provide important services for the health and growth of 
corals, the ability of fish to shift hosts may result in some coral hosts 
becoming unoccupied and thus more vulnerable to disturbances.

Coral-dwelling gobies from the genus Gobiodon provide an excel-
lent model for assessing how host use may affect their mutualisms 
because these gobies are site-attached. Once individuals settle as 
larvae, gobies remain within the coral branches and do not leave their 
coral host, except for some extreme circumstances regardless of life 
stage like their coral host dies, they get evicted by conspecifics, or 
their mate dies, and they need to find new mates (Bonin et al., 2009; 

Munday et al., 1998; Nakashima et al., 1996; Wong & Buston, 2013). 
If gobies are displaced, for example by storm activity or predator 
attempt, they will return to their coral host instead of using alter-
native corals, even with high predation risk (Froehlich et al., 2022). 
The choice of host is important for gobies, as well as for other coral-
dwelling fish, and strong competition among goby species exists for 
specific hosts (Munday, 2001; Pereira et al., 2015). Compared with 
other coral-dwelling fishes that move among or above coral branches 
(Chase, Pratchett, & Hoogenboom, 2020; Rueger et al., 2014, 2018), 
most goby species reside deep within the branches of corals and 
often rest directly on the branches using their fused pelvic fin for 
suction (V. Y. M. Froehlich pers. obs.). The movement, feeding ef-
ficiency, and growth of gobies are thus related to the coral species 
they inhabit because different species of corals vary in several phys-
ical characteristics like size, shape, and interbranch space and chemi-
cal characteristics like stinging defense (Ben-Ari et al., 2018; Caley & 
Munday, 2003; Gardiner & Jones, 2005; Munday, 2001; Pereira & 
Munday, 2016; Untersteggaber et al., 2014). Some goby species also 
grow bigger on certain coral species than others, highlighting the 
fitness benefits of certain coral species (Munday, 2001; Pereira & 
Munday, 2016). The type of coral host that gobies inhabit therefore 
plays an important role in the ecology of gobies.

Here, our 7-year study (2013–2020) shows that coral-dwelling 
gobies (genus Gobiodon) either disappeared or shifted their oc-
cupation of host corals (genus Acropora) after an unprecedented 
succession of disturbances with limited recovery periods: two cat-
egory four cyclones (2014, 2015) and two prolonged heatwaves 
(2016, 2017), which caused extensive coral bleaching. We com-
pared their host specialization using three metrics: specificity con-
tinuum (continuous), proportional coral specificity (categorical), and 
coral richness specificity (categorical). Previous studies have shown 
trade-offs between goby fitness and host specialization, with par-
ticular coral hosts improving the growth and survival of specialist 
gobies compared with generalist gobies (Caley & Munday,  2003; 
Munday, 2001). Accordingly, the shifts in host occupation (i.e., host 
plasticity) coupled with a lag in recovery of gobies will likely ham-
per the fitness of both parties during the crucial and early stages 
following disturbances (Chase et al.,  2018; Chase, Pratchett, & 
Hoogenboom,  2020; Chase, Pratchett, McWilliam, et al.,  2020; 
Dirnwoeber & Herler, 2013; Dixson & Hay, 2012; Penin et al., 2010). 
By surveying gobies and their coral hosts before and after each dis-
turbance, and then 3 years postdisturbances, we found that gobies 
fared far worse than corals, with a distinct time lag in the early signs 
of recovery of gobies compared with corals.

2  |  METHODS

2.1  |  Study location

All sampling was completed at reef sites within Lizard Island, Great 
Barrier Reef, Queensland, Australia (−14.687264, 145.447039, 
Appendix F1). Lizard Island was affected by four extreme climatic 
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events annually from 2014 to 2017: cyclone Ita (category 4) in April 
2014, cyclone Nathan (category 4) in March 2015, a heatwave caus-
ing a mass-bleaching event from March to April 2016, and a second 
heatwave causing a mass-bleaching event from February to May 
2017. Sites were visited before these events in February 2014 (n = 18 
sites), after the first cyclone in January–February 2015 (n = 16), after 
the second cyclone in January–February 2016 (n = 19), after both 
heatwaves in February–March 2018 (n = 22), and 3 years after the 
last disturbance in January–March 2020 (n = 24) (Figure 1a). Not all 
sites were sampled each year due to weather conditions and scour-
ing effects of cyclones that left some sites with only bare rock.

2.2  |  Sampling method

Surveys were completed at each time point for the presence of 
Gobiodon goby spp. (using Munday et al., 1999 for nominal species 
identification) within Acropora coral spp. (using Veron et al., 2018 
for nominal species identification). There were two types of sur-
veys used: (1) in 2014 (n = 61 transects at 18 sites), 2018 (n = 40 
transects at 16 sites), and 2020 (n = 50 at 18 sites), corals were 
surveyed 1 m on either side of 30-m transects and were repeated 
at the same GPS points each sampling event, although not all tran-
sects were repeated during each sampling event; and (2) in 2015 
(n = 108 at 16 sites) and 2016 (n = 140 transects at 19 sites), corals 
were surveyed 1 m on either side of 4-m cross-transects at differ-
ent GPS points but within the same sites (Froehlich et al., 2021; 
Hing et al., 2018). Transects were repeated at the same GPS points 

within sites, although not all transects were repeated during each 
sampling event: In addition, since very few corals were encoun-
tered along transects after the four disturbances, random searches 
occurred in 2018 (n = 28 at 18 sites) and 2020 (n = 34 at 19 sites). 
When a live Acropora coral was encountered, the coral was meas-
ured and averaged along its width, length, and height (Kuwamura 
et al.,  1994). Only corals at least 7 cm in average diameter were 
included in surveys because smaller corals were never found occu-
pied by gobies (Froehlich et al., 2021). The coral was searched for 
a Gobiodon species using a bright torch light (Bigblue AL1200NP), 
and the species and number of individuals were noted. Individuals 
were identified as adults or juveniles based on coloration and 
size. The study was completed under the animal ethics protocols 
AE1404 and AE1725 from the University of Wollongong, and re-
search permits G13/36197.1, G15/37533.1, and G18/41020.1 is-
sued by the Great Barrier Reef Marine Park Authority.

2.3  |  Data analysis

For changes in coral and goby populations, we used data from 
transects only since random searches did not follow any particular 
transect techniques. The following variables had many zero data 
points per transect after multiple disturbances, and accordingly 
were compared among survey yr (fixed factor) and site (random 
factor) with a generalized linear mixed model (GLMER: Poisson 
family) using a zero-inflated model: coral richness and abundance, 
adult goby richness and abundance, and juvenile goby richness and 

F I G U R E  1 Multiple disturbances changed the mean abundance per transect of Acropora corals (blue) and their symbiotic Gobiodon 
gobies (red). (a) Following consecutive disturbances (two cyclones and two heatwaves), (b) the 10 most common coral hosts, and (c) their 
goby symbionts experienced drastic changes in abundance. There were no changes in abundances after the first two disturbances (i.e., 
each cyclone); however, there were significant changes after the last disturbances (i.e., both bleaching events), and thus, we display changes 
postdisturbances. Error bars are standard error. Percentages above bars represent the proportion of corals that were occupied by gobies 
during that particular survey year.
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abundance. Note: for all abundance variables, only line transects 
in 2014, 2018, and 2020 were used to remove transect-type bias 
in abundances. The following variables were compared among 
survey yr (fixed factor) and site (random factor) with linear mixed 
models (LMER): average coral diameter, coral occupancy (whether 
occupied or unoccupied by Gobiodon spp.), and adult goby group 
size (juveniles were not included because they were observed 
moving between coral heads). All analyses were completed in R 
(v3.5.2) (R Core Team,  2018) with the following packages: ti-
dyverse (Wickham et al., 2019), lme4 (Bates et al., 2015), lmerTest 
(Kuznetsova et al., 2017), LMERConvenienceFunctions (Tremblay 
& Ransijn,  2020), piecewiseSEM (Lefcheck,  2016), glmmTMB 
(Brooks et al.,  2017), emmeans (Lenth et al.,  2020), DHARMa 
(Hartig & Lohse,  2020), performance (Lüdecke et al.,  2021), and 
plotly (Sievert, 2020). Coral and goby communities for the 10 most 
common species of each genus were compared among survey yr 
(fixed factor) and site (random factor) with a permutational analysis 
of variance (PERMANOVA) in Primer-E software (v7).

For host specialization analyses, we used data from transects 
and random searches. Data for particular species were removed 
for years in which the species was observed <8 times in order 
to allow for enough observations to assess host specialization 
use. Three out of the 13 goby species observed in the surveys 
were excluded from host specialization analysis since they were 
consistently too rare (G. citrinus, G. okinawae, and G. sp. D). The 
corals inhabited per goby species were then combined per year. 
Coral species inhabited were compared among goby species 
(fixed factor) and survey yr (fixed factor) using PERMANOVA. 
The three different host specialization metrics were included in 
the analysis depending on whether the metric was continuous or 
categorical. For the continuous metric of specificity continuum 
(proportion of occurrences in which only one coral species was 
used per goby species [continuous variable, 0–1]), the metric was 
added to the analysis as a covariable, which was calculated from 
the first survey predisturbances (2014). The other two host spe-
cialization metrics were included as factors and we also added 
a factor addressing the sociality of gobies as some goby spe-
cies primarily live in groups whereas other primarily live in pairs: 
PERMANOVAs were repeated (without the covariable as it is 
correlated with the following factors) to individually include each 
of the following explanatory factors calculated from the first 
survey predisturbances (2014): coral richness specificity (fixed 
factor, host specialization category per goby species on the basis 
that goby conspecifics used up to three coral species [specialist] 
versus more than 3 coral species [generalist]), proportional coral 
specificity (fixed factor, host specialization category per goby 
species on the basis that 75% or more goby conspecifics used 
a single coral species [specialist] versus <75% of gobies used a 
single coral species [generalist]), and whether goby species were 
social (living in groups) or asocial (living in pairs) as identified in 
Hing et al., 2018 (fixed factor: asocial or social). Note: the goby 
species factor was nested within each of the factors in the later 
PERMANOVAs.

3  |  RESULTS

3.1  |  Goby recovery is lagging behind the recovery 
of their coral hosts

Throughout these consecutive disturbances and 3 years post-
disturbances, we surveyed 36 species of Acropora coral hosts 
used by 13 species of coral-dwelling gobies (Gobiodon) known to 
occur at Lizard Island, Great Barrier Reef, Australia (−14.687264, 
145.447039, Figure  1a). Less than 1 year after the last distur-
bance (2018), coral and goby abundances, richness, coral diam-
eter and occupancy, and goby group size were at an all-time low 
(Appendix F2, p < .001, see Appendix T1 for all statistical results). 
Three years postdisturbances (2020), there were signs of recovery 
for corals as coral abundance and richness were higher than pre-
viously recorded, but corals remained extremely small and were 
rarely occupied by gobies (Appendix F2). Goby richness and abun-
dances were still very low, and gobies continued to occur singly, 
whereas they were living in pairs or in groups predisturbances 
(Appendix F2). However, the number of juvenile goby species and 
their abundance improved (Appendix F2).

We focused specifically on the abundance of the 10 most com-
monly used coral hosts and 10 most common goby species and 
found that not all goby and coral species responded in the same 
way. Abundances were different among years (p < .001, Figure 1b), 
with eight coral species becoming extremely rare after disturbances, 
which was not surprising because 50% of the transects lacked corals 
compared with only 5% before disturbances (Froehlich et al., 2021). 
However, there was recovery 3 years postdisturbances when only 
17% of transects lacked corals. Surprisingly, two coral species be-
came more abundant immediately after disturbances even though 
they were rare before (A. cerealis and A. selago). These species be-
came at least 10 times more abundant 3 years postdisturbances than 
predisturbances (Figure 1b). In general, more corals were found with-
out goby partners post- compared with predisturbances (Figure 1b).

For gobies though, it was a different story. Only one goby (G. ax-
illaris) returned to its predisturbance abundance in 2020 (i.e., had 
fully recovered), whereas all other species either became too rare/
no longer sighted or were only at 50% predisturbance abundances 
(Figure 1c). Three species disappeared altogether from our survey 
sites immediately postdisturbances in 2018 (G. cf. bilineatus, G. fus-
coruber, and G. oculolineatus), and an additional two species (G. aoy-
agii and G. rivulatus) disappeared 3 years postdisturbances in 2020 
(Figure 1c). Of those species that disappeared, three were already 
rare before disturbances, but one was originally the most common 
species surveyed (G. fuscoruber).

3.2  |  Some gobies showed plasticity in their host 
specialization

Host specialization was compared using three different metrics. 
Predisturbances, each goby species usually inhabited a range of 
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coral species with minimal overlap among goby species (p < .01), 
but gobies changed their range of coral hosts throughout the cli-
matic disturbances (p < .01, Appendix F3, Figure 2). Not all gob-
ies responded the same in terms of host occupation throughout 
the disturbances (p < .01; Figure 2). There was no relationship be-
tween how goby species changed their host use and whether they 
were host generalists or host specialists for either categorical 
metric (i.e., coral richness specificity, p < .5, and proportional coral 
specificity, p < .5). No patterns were observed regarding which 
specific coral species were occupied by host specialists or host 
generalists (e.g., host specialist G. aoyagii did not use the same 
coral species as host specialist G. axillaris) (Figure 2). However, go-
bies changed the extent to which they used a single coral species 
in the continuous host specialization metric (i.e., specificity con-
tinuum, p < .01). The sociality of gobies (whether they are social, 

a.k.a. live in groups, or asocial, a.k.a. live in pairs) was marginally 
affecting their host use (p = .049).

For the coral richness specificity metric, host specialists (i.e., 
G. aoyagii, G. axillaris, and G. cf. bilineatus) occupied 1–3 host species 
predisturbances, but each species occupied their own range of host 
species (Figure 2). Cyclones had minimal effects on host occupation, 
but there were marked changes after heatwaves. Postdisturbances, 
host specialists either disappeared or occupied more host species 
than previously observed (Figure 2). Of the three host specialists, 
G. aoyagii was the only species that was present after disturbances 
(2018), but it switched to being a host generalist occupying 5 coral 
species and then disappeared 3 years postdisturbances. On the 
other hand, G. axillaris, which had disappeared after disturbances 
(2018), was observed once again 3 years postdisturbance and be-
came a generalist occupying five coral species. The other seven goby 

F I G U R E  2 Host specialization of Gobiodon gobies in Acropora coral hosts changed following multiple disturbances. Proportion of all 
Acropora species used by the 10 most common Gobiodon species from surveys: predisturbances (2014), after cyclone Ita (2015), after 
cyclone Nathan (2016), after two back-to-back heatwaves/bleaching events (2018), and 3 years postdisturbances (2020). Goby species are 
separated into two categories using the coral richness specificity metric of host specialization as calculated predisturbances. Acronyms next 
to goby species represent two categories using the proportional coral specificity metric of host specialization: “S” describes host specialists 
using the same coral species >75% of the time predisturbances, and “G” describes host generalists using the same coral species <75% of 
the time predisturbances. Letters above each bar represent host use differences among sampling years that are significantly similar to one 
another within species, and asterisks represent host occupation that is significantly different from all others within a species. If there are no 
bars, the species was no longer observed or too rare (n < 8). If there are no letters above the bars, these bars were not significantly different 
from one another for that goby species.
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species were host generalists inhabiting between 5 and 10 coral host 
species predisturbances (Figure 2). Cyclones had minimal effect on 
host occupation, but heatwaves again caused noticeable changes. 
Postdisturbances, out of the seven host generalists, five goby spe-
cies were still present and all, but G. histrio remained host general-
ists, although G. histrio was only observed 10 times (Figure 2). Even 
three years postdisturbances, generalists continued occupying a 
wide range of hosts, including G. histrio again, although another gen-
eralist G. rivulatus had disappeared (Figure 2). Therefore, there was 
no clear pattern in how host specialists and generalists responded 
using the coral richness specificity metric.

For the proportional coral specificity metric, species that were 
originally host specialists, since they used a single host at least 75% 
of the time predisturbances (i.e., G. aoyagii, G. axillaris, G. cf. bilin-
eatus, G. histrio, G. rivulatus), occupied different coral species per 
goby species (Figure  2). Half of these remained specialists after 
cyclones, but then, only two species (G. axillaris, G. histrio) were ob-
served 3 years postdisturbances and each varied in their level of 
specialty (Figure  2). Species that were originally host generalists, 
using a single host <75% of the time predisturbances (i.e., G. brochus, 

G. erythrospilus, G. fuscoruber, G. oculolineatus, G. quinquestrigatus), 
also occupied different coral species per goby species (Figure  2). 
Following cyclones, two species become host specialists (G. brochus, 
G. oculolineatus), whereas others remained generalists. Then, 3 years 
after disturbances, only three species (G. brochus, G. erythrospilus, 
and G. quinquestrigatus), and they used several coral species al-
though G. erythrospilus became borderline host specialist (Figure 2). 
Therefore, there were no clear patterns observed in how host spe-
cialists and generalists responded with the proportional coral spec-
ificity metric.

The only metric that showed some patterns were in the spec-
ificity continuum, which calculated the proportion of occurrences 
that a goby species only occupied one coral species. Goby species 
that tended to occupy only one coral species used different coral 
species to goby species that tended to occupy several coral species. 
Regardless of being a host generalist or host specialist, each goby 
species occupied a single coral species in higher proportion over 
others (Figure 3). Gobies occupied a particular host between 25% 
and 90% of the time, although host specialists tended to occupy one 
host species more often than host generalists. Here presented are 

F I G U R E  3 Goby occupancy of different corals at each time point. Data represent the frequency occupancy of Gobiodon goby species 
per Acropora coral species per time point. The top 10 most commonly occupied species of corals are illustrated here, and all other species 
are grouped in “other Acropora spp.” Each color represents a different goby species. The thickness of color bars is drawn to scale at each 
time point to represent the proportion of a specific coral species occupied by each goby species; that is, thicker bars represent corals 
more occupied by that goby species and thinner bars represent corals less occupied by that goby species. Corals are organized from top 
to bottom from those that increased in abundance postdisturbances (A. cerealis and A. selago) and to those that decreased in abundance 
postdisturbances (all other coral species).
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the single most occupied coral species per goby species, unless there 
was an even occupancy rate for two most occupied coral species 
for a goby species. For host specialists (using coral richness specific-
ity), 90% of G. aoyagii occupied A. tenuis, 75% of G. axillaris occupied 
A. nasuta, and 75% G. cf. bilineatus occupied A. torresiana (Figures 2 
and 3). For host generalists, 30% of G. brochus occupied A. loripes and 
30% occupied A. tenuis, 40% of G. erythrospilus occupied A. nasuta, 
50% of G. fuscoruber occupied A. millepora, 80% of G. histrio occupied 
A. nasuta, 25% of G. oculolineatus occupied A. valida, 35% of G. quin-
questrigatus occupied A. nasuta, and 80% of G. rivulatus occupied 
A. gemmifera (Figures  2 and 3). Therefore, A. nasuta was the most 
commonly occupied host for four goby species, whether they were 
host specialists or generalists (Figure 3).

After the two cyclones, there was little change in the propor-
tional occupancy of different coral hosts, suggesting that cyclones 
did not alter host specialization (Froehlich et al.,  2021) (Figure  3). 
However after heatwaves, gobies shifted their host use, and often 
this shift mirrored the change in coral community. Many gobies 
switched from the previously popular A. nasuta to the newly abun-
dant A. cerealis (Figures 1 and 3). Out of the remaining goby species 
postdisturbances, Gobiodon aoyagii began occupying A. tenuis and 
A. cerealis each 25% of the time, G. histrio switched to occupying the 
newly abundant A. cerealis 60% of the time, and three others (G. bro-
chus, G. erythrospilus, and G. rivulatus) were also found more often in 
A. cerealis than previously observed (at least 20% of the time). The 
occupation of any particular host coral was not above 45% for any 
goby species after heatwaves, except for G. histrio.

Three years postdisturbances, there was little change in the 
number of hosts occupied by each goby species, but the majority of 
gobies were primarily occupying A. cerealis as it was the most abun-
dant (Figures 1 and 3). Gobiodon axillaris was observed once again 
but switched host to A. cerealis 65% of the time (Figures 2 and 3). 
For G. histrio and G. erythrospilus, both species switched to A. cerealis 
(75% and 70%, respectively), others like G. brochus switched to A. ce-
realis albeit to a lesser extent (30%), and G. quinquestrigatus switched 
to using both A. cerealis (35%) and A. selago (30%). Accordingly, even 
3 years postdisturbances, most gobies used A. cerealis over other 
coral species (Figure 3).

4  |  DISCUSSION

As multiple disturbances are becoming the norm, we find that 
mutualisms on coral reefs are not responding as a collective unit. 
Our 7-year study shows that Acropora corals are faring far better 
than their goby inhabitants (genus Gobiodon) 3 years after back-to-
back climatic events (two cyclones and two heatwaves) (Froehlich 
et al.,  2021). However, not all coral species responded the same 
to disturbances, suggesting that habitat use plays a key role in the 
decline of gobies. Indeed, some goby species shifted their host use 
after disturbances, although that shift may be a potential downfall to 
their fitness in the long term, as they were not inhabiting their previ-
ously most occupied hosts (Caley & Munday, 2003; Munday, 2001). 

Accordingly, host use is a mechanism that likely explains why goby 
inhabitants are slower to recover than their coral hosts as shifting 
hosts in the short term may not always lead to goby population re-
silience in the long term.

Nine months postdisturbances, populations of corals and go-
bies were each devastated, but gobies declined at least three times 
more than corals, and most corals were devoid of gobies (Froehlich 
et al.,  2021). After 3 years of recovery time, coral hosts became 
twice as abundant and speciose compared with predisturbances, al-
though coral sizes were three times smaller than predisturbances. 
Reduced competition for space among corals may have allowed a 
surge in abundance within a few years of recovery, yet corals also 
had to compete with fast-growing algae and high incidences of coral-
livory (Baird & Hughes, 2000; Penin et al., 2010). For gobies though, 
half of the species became rare or absent 3 years postdisturbances, 
including two previously abundant species, G. fuscoruber and G. riv-
ulatus. There were four times fewer adult gobies compared with 
predisturbances. Gobies were never found in dead corals (Bonin 
et al., 2009). In addition, these gobies were living singly, which sug-
gested even slower recovery since gobies need to live in pairs or 
groups to reproduce (Wong & Buston,  2013). A local recruitment 
failure may have occurred as a consequence of extreme heatwaves 
(Munday et al.,  2008) and may explain why gobies lived singly as 
very few gobies were found after bleaching events. Alternatively, 
since corals remained very small, gobies may have been unable 
to pair and breed as they need larger corals to do so (Kuwamura 
et al., 1996). Gobies may be facing a population bottleneck (Sergio 
et al., 2018) due to the inability to form pairs over multiple years and 
breed to replenish recovering population. Alarmingly, 75% of corals 
no longer hosted gobies postdisturbances compared with just 5% 
predisturbances (Froehlich et al., 2021). No single coral species was 
ever occupied more than 60% of the time postdisturbances, whereas 
several species had previously occupied up to 100% of the time pre-
disturbances. Even with 3 years of recovery time, 75% of corals were 
still devoid of gobies. Such a lag in goby population recovery is dire 
for the mutualism of corals and gobies. Coral-dependent fishes are 
predicted to decline substantially with climate change (Buchanan 
et al., 2016), and gobies are a striking example of this phenomenon.

Given that habitat specialization likely plays a key role in the 
continued prevalence of coral and goby symbioses, our finding that 
half the gobies disappeared is a cause for concern. We categorized 
host specialization using three different metrics to assess different 
aspects of host use. Two of the metrics separated goby species into 
host specialists or host generalists using different methods, and 
yet neither metric could explain the changes in host use of gobies 
throughout climatic disturbances. With coral richness specificity 
metric in which we categorized goby species based on the number of 
corals they inhabited, we found that one-third of the goby species in-
habited just 2–3 host species predisturbances (i.e., host specialists), 
while others occupied a broader range of hosts (i.e., host generalists) 
(Dirnwöber & Herler,  2007; Munday,  2000; Munday et al.,  1999). 
Two out of the three host specialists were absent 3 years postdistur-
bances, which suggests that host specialists may be less resilient to 
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disturbances (Ainsworth & Drake, 2020; Dirnwöber & Herler, 2007; 
Hof et al., 2012). However, three out of seven host generalists also 
disappeared 3 years postdisturbances. With the proportional coral 
specificity metric, five goby species inhabited a single coral spe-
cies at least 75% of the time predisturbances (i.e., host specialists), 
and five goby species inhabited a single coral species <75% of the 
time (i.e., host generalists). Within both categories, about half of 
the species disappeared 3 years postdisturbances, and some spe-
cies switched from specialists to generalists and vice versa. Since 
the distinctions between host specialists and generalists, using ei-
ther metric, did not provide any indication of how a goby species 
would respond to climatic disturbances, our findings suggest that 
categorical host specialization may not be an indicator of vulner-
ability to disturbances, as shown in terrestrial host symbioses like 
in plant–pollinator interactions in temperate forests (Vázquez & 
Simberloff, 2002). The extent and severity of disturbances and the 
differential susceptibility among specific corals may instead affect 
how particular species respond.

Albeit differences between host generalists and specialists not 
providing any indication of how a goby species would respond to 
climatic disturbances, we found that there were differences in the 
single most occupied coral species used by each goby species, that 
is, their host specificity continuum. The disappearance of half of the 
goby species mirrored the decline in their most occupied coral host 
species immediately after cyclones and heatwaves. Thus, despite 
being an advantage during stable periods, primarily occupying only 
one type of habitat may be a significant disadvantage during un-
stable periods (Feary, 2007; Munday, 2000). Even more alarmingly, 
many goby species stayed rare or disappeared despite the host spe-
cies they occupied predisturbances increasing in abundance 3 years 
postdisturbances. For example, G. fuscoruber and G. rivulatus disap-
peared even though their previously most occupied hosts, A. mille-
pora and A. gemmifera, respectively, reappeared in higher abundance 
3 years postdisturbances. Yet, G. axillaris, which primarily occupied 
A. nasuta, initially disappeared 1 year postdisturbances but then re-
turned 3 years postdisturbances and switched to occupying A. cere-
alis as it became more abundant. Our findings suggest that some 
gobies exhibit host plasticity with regard to the single most occupied 
host species and that there is no clear advantage of being a host 
specialist or host generalist.

Whether gobies are able to remain on their previously occu-
pied host species or shift to newly available host species is key to 
their recovery. Since we observed shifts in host use for several 
goby species, postsettlement processes that are likely influencing 
these shifts. Gobies that survived disturbances may shift their hosts 
as adults, although such movement has high predation risks and 
rarely occur after individuals have settled into a coral host (Bonin 
et al., 2009; Froehlich et al., 2022; Munday et al., 1998; Nakashima 
et al., 1996; Wong & Buston, 2013). More likely, host shifts seen at 
a population level occurred from settling individuals selecting dif-
ferent coral hosts postdisturbances based on the coral distribution. 
We found that goby populations overall decreased substantially with 
very few adult gobies being observed postdisturbances. Instead, 

more juveniles were observed 3 years postdisturbances than predis-
turbances, suggesting new recruits drove the shifts in host use.

Other mechanisms of the biology and ecology of coral-dwelling 
gobies may be adding to their limited recovery from climatic distur-
bances. Due to a larval dispersal stage, coral reef fishes have the 
potential for larvae to be supplied from locations far away through 
stochastic replenishment (Green et al.,  2015; Hing et al.,  2018; 
Munday et al.,  1998). However, broadscale disruptions to larval 
supply are likely occurring as climatic disturbances have broadscale 
reach, and such disruptions have already been shown in Acropora 
corals as well (Hughes et al., 2019). Coral-dwelling gobies may even 
experience higher disruptions to larval supply compared with cor-
als as their larvae may be settling closer to their natal habitat than 
expected, as seen in other coral reef fishes (Gerlach et al.,  2007; 
Rueger et al., 2020, 2021; Selwyn et al., 2016). Limited recovery in 
coral-dwelling gobies may also be a consequence of their social ten-
dencies to live in pairs or groups depending on the species (Hing 
et al., 2018). Out of the 10 Gobiodon species that we focused on in 
our study, two were known to live in groups (G. fuscoruber and G. riv-
ulatus), and both species became extremely rare after disturbances. 
Our study found a marginally significant signal that the sociality of 
gobies may impact their host use. However, habitat constraints may 
explain a decline in group-living species, as larger corals can house 
more goby individuals (Hing et al., 2018). Since corals were substan-
tially smaller after disturbances, group-living species were likely at 
a disadvantage. Accordingly, it is possible that group-living species 
are less resilient to climatic disturbances, although this needs to be 
studied further with more species and at more locations.

Although unoccupied corals are on the rise and may be able 
to survive in the short term, a prolonged lack of mutualistic goby 
partners may increase their vulnerability to external threats in the 
long term since gobies provide beneficial services to corals (Chase 
et al., 2018; Chase, Pratchett, McWilliam, et al., 2020; Dirnwoeber & 
Herler, 2013; Dixson & Hay, 2012; Penin et al., 2010). However, it 
is possible that other goby species may shift hosts in the short-
term, given the host plasticity observed in some goby species in 
this study. Such host shifts may increase coral resilience but po-
tentially decrease goby fitness, since goby growth rates are higher 
in certain coral species (Caley & Munday, 2003; Munday, 2001). 
It is important to note that several goby species switched from 
A. nasuta to the newly abundant A. cerealis, which are very similar 
in morphology and may potentially allow gobies to grow at similar 
rates if the morphology of the coral is the only limiting factor to 
their growth. More coral species were observed 3 years postdis-
turbances than at any other time point, and yet surviving goby 
species all shifted to primarily using the same coral species, A. ce-
realis. However, some gobies species that later switched to A. ce-
realis had initially occupied morphologically different corals like 
A. loripes and A. tenuis as they have higher survival rates in these 
corals (Munday,  2001). Certain inhabiting species may also be 
less effective at promoting the resilience of hosts (Douglas, 1998; 
Visser & Gienapp, 2019), which has yet to be studied in host-animal 
symbioses in the marine environment but has been observed in 
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plant–animal interactions like acacia ant–plant mutualisms follow-
ing fire disturbance (Sensenig et al., 2017) and bark beetle-fungus 
symbioses with thermal stress (Six et al., 2011). While the capac-
ity for host shifts may promote the initial short-term survival of 
both partners, the long-term fitness of both gobies and corals may 
decline over time unless other coral symbionts fill the symbiont 
niche (Bonin, 2012; McKeon et al., 2012; Thompson et al., 2015). 
Inhabiting fishes are particularly important for the resilience of 
their coral host to thermal stress (Chase et al., 2018), as is also seen 
in Populus tremuloides host plants with ants and aphids (Marquis 
et al., 2014). As coral-dwelling fish reduce bleaching susceptibility 
and impacts of sedimentation of coral hosts (Chase et al., 2018; 
Chase, Pratchett, McWilliam, et al., 2020), their decline may po-
tentially spell disaster for coral resilience Future studies should 
quantify recovery rates of corals with or without fish inhabitants 
to further determine how much coral-dwelling fishes contribute to 
the resilience of corals.

Our study is an early warning sign that mutually symbiotic part-
ners may not recover at similar rates, and, while the capacity for host 
plasticity may be key for immediate survival, it may not improve re-
silience to future environmental and other stressors. Given that dis-
turbances are occurring more frequently than ever before (Hughes 
et al., 2018; Turner, 2010), the mutualism between coral hosts and 
gobies may not be able to persist after continued disturbances, leav-
ing both organisms susceptible to additional stress. Mutualism break-
downs are being observed in various environments, for example, 
seagrass beds (De Fouw et al., 2016), tidal environments (Dunkley 
et al., 2020), and myrmecophyte habitats (Kiers et al., 2010). As mu-
tualisms are predicted to change drastically moving forward (Kiers 
et al.,  2010), such changes could even have knock-on effects on 
ecosystem stability (Kiers et al., 2010; Six et al., 2011; Turner, 2010; 
Wilson et al.,  2006). Whether symbionts exhibit host plasticity to 
changing environments is a key factor in understanding the potential 
resilience of corals and coral reef ecosystems to climate change.

AUTHOR CONTRIBUTIONS
Catheline Y. M. Froehlich: Conceptualization (lead); data curation 
(lead); formal analysis (lead); funding acquisition (equal); investigation 
(lead); methodology (equal); project administration (lead); validation 
(lead); visualization (lead); writing – original draft (lead); writing – re-
view and editing (lead). O. Selma Klanten: Conceptualization (sup-
porting); investigation (supporting); methodology (supporting); 
supervision (equal); writing – review and editing (equal). Martin L. 
Hing: Investigation (equal); methodology (equal); writing – review 
and editing (equal). Mark Dowton: Funding acquisition (equal); su-
pervision (supporting); writing – review and editing (equal). Marian 
Yi-Ling Wong: Conceptualization (supporting); funding acquisition 
(equal); investigation (supporting); methodology (equal); resources 
(lead); supervision (lead); writing – review and editing (equal).

ACKNOWLEDG MENTS
We acknowledge and pay respect to the Dingaal Aboriginal 
Traditional Owners of Lizard Island, the sacred site. We thank Kylie 

Brown, Karen Hing, Grant Cameron, Siobhan Heatwole, Anna Scott, 
Jemma Smith, and Rituraj Sharma for their field assistance. We 
are grateful to the Lizard Island Research Station and in particular 
Anne Hoggett and Lyle Vail for their assistance with our field trips. 
We would like to thank Jackie Wolstenholme and Zoe Richards for 
help with coral ID confirmation. The research was funded by grants 
from the Hermon Slade Foundation to MW and MD, the University 
Postgraduate Award from the University of Wollongong to CF, and 
the Zoltan Florian Marine Biology Fellowship under the Lizard Island 
Doctoral Fellowship program from the Australian Museum to CF. 
Open access publishing facilitated by University of Wollongong, 
as part of the Wiley - University of Wollongong agreement via the 
Council of Australian University Librarians.

OPEN RE SE ARCH BADG E S

This article has earned Open Data and Open Materials badges. Data 
and materials are available at doi: 10.5063/F1639N69.

DATA AVAIL ABILIT Y S TATEMENT
The dataset and methods are published at doi: 10.5063/F1FJ2F8Q.

ORCID
Catheline Y. M. Froehlich   https://orcid.
org/0000-0002-8731-1367 
Marian Y. L. Wong   https://orcid.org/0000-0001-6393-6453 

R E FE R E N C E S
Ainsworth, A., & Drake, D. R. (2020). Classifying Hawaiian plant spe-

cies along a habitat generalist-specialist continuum: Implications 
for species conservation under climate change. PLoS One, 15, 
e0228573.

Angelini, C., Altieri, A. H., Silliman, B. R., & Bertness, M. D. (2011). 
Interactions among foundation species and their consequences for 
community organization, biodiversity, and conservation. Bioscience, 
61, 782–789.

Baird, A. H., & Hughes, T. P. (2000). Competitive dominance by tabular 
corals: An experimental analysis of recruitment and survival of un-
derstorey assemblages. Journal of Experimental Marine Biology and 
Ecology, 251, 117–132.

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 67, 
1–48.

Ben-Ari, H., Paz, M., & Sher, D. (2018). The chemical armament of reef-
building corals: Inter- and intra-specific variation and the identifi-
cation of an unusual actinoporin in Stylophora pistilata. Scientific 
Reports, 8, 251.

Bonin, M. C. (2012). Specializing on vulnerable habitat: Acropora selec-
tivity among damselfish recruits and the risk of bleaching-induced 
habitat loss. Coral Reefs, 31, 287–297.

Bonin, M. C., Munday, P. L., McCormick, M. I., Srinivasan, M., & Jones, 
G. P. (2009). Coral-dwelling fishes resistant to bleaching but not 
to mortality of host corals. Marine Ecology Progress Series, 394, 
215–222.

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, 
C. W., Nielsen, A., Skaug, H. J., Machler, M., & Bolker, B. M. (2017). 
Modeling zero-inflated count data with glmmTMB. bioRxiv, 132753.

https://doi.org/10.5063/F1639N69
https://doi.org/10.5063/F1FJ2F8Q
https://orcid.org/0000-0002-8731-1367
https://orcid.org/0000-0002-8731-1367
https://orcid.org/0000-0002-8731-1367
https://orcid.org/0000-0001-6393-6453
https://orcid.org/0000-0001-6393-6453


10 of 11  |     FROEHLICH et al.

Buchanan, J. R., Krupp, F., Burt, J. A., Feary, D. A., Ralph, G. M., & 
Carpenter, K. E. (2016). Living on the edge: Vulnerability of coral-
dependent fishes in the Gulf. Marine Pollution Bulletin, Coral Reefs of 
Arabia, 105, 480–488.

Caley, M. J., & Munday, P. L. (2003). Growth trades off with habitat spe-
cialization. Proceedings of the Royal Society B: Biological Sciences, 
270, S175–S177.

Chase, T. J., Pratchett, M. S., Frank, G. E., & Hoogenboom, M. O. (2018). 
Coral-dwelling fish moderate bleaching susceptibility of coral 
hosts. PLoS One, 13, e0208545.

Chase, T. J., Pratchett, M. S., & Hoogenboom, M. O. (2020). Behavioral 
trade-offs and habitat associations of coral-dwelling damsel-
fishes (family Pomacentridae). Marine Ecology Progress Series, 633, 
141–156.

Chase, T. J., Pratchett, M. S., McWilliam, M. J., Hein, M. Y., Tebbett, 
S. B., & Hoogenboom, M. O. (2020). Damselfishes alleviate the 
impacts of sediments on host corals. Royal Society Open Science, 
7, 192074.

de Fouw, J., Govers, L. L., van de Koppel, J., van Belzen, J., Dorigo, W., 
Sidi Cheikh, M. A., Christianen, M. J., van der Reijden, K., van der 
Geest, M., Piersma, T., Smolders, A. J., Olff, H., Lamers, L. P., van 
Gils, J., & van der Heide, T. (2016). Drought, mutualism breakdown, 
and landscape-scale degradation of seagrass beds. Current Biology, 
26, 1051–1056.

Denton, J. A., & Gokhale, C. S. (2019). Synthetic mutualism and the inter-
vention dilemma. Life, 9, 15.

Dirnwöber, M., & Herler, J. (2007). Microhabitat specialisation and eco-
logical consequences for coral gobies of the genus Gobiodon in the 
Gulf of Aqaba, northern Red Sea. Marine Ecology Progress Series, 
342, 265–275.

Dirnwoeber, M., & Herler, J. (2013). Toxic coral gobies reduce the feeding 
rate of a corallivorous butterflyfish on Acropora corals. Coral Reefs, 
32, 91–100.

Dixson, D. L., & Hay, M. E. (2012). Corals chemically cue mutualistic 
fishes to remove competing seaweeds. Science, 338, 804–807.

Douglas, A. E. (1998). Host benefit and the evolution of specialization in 
symbiosis. Heredity, 81, 599–603.

Dunkley, K., Ward, A. J. W., Perkins, S. E., & Cable, J. (2020). To clean or 
not to clean: Cleaning mutualism breakdown in a tidal environment. 
Ecology and Evolution, 10, 3043–3054.

Feary, D. A. (2007). The influence of resource specialization on the 
response of reef fish to coral disturbance. Marine Biology, 153, 
153–161.

Froehlich, C. Y. M., Heatwole, S. J., Klanten, O. S., & Wong, M. Y. L. 
(2022). Habitat health, size and saturation do not alter movement 
decisions in a social coral reef fish. Animal Behaviour, 191, 125–133.

Froehlich, C. Y. M., Klanten, O. S., Hing, M. L., Dowton, M., & Wong, M. Y. 
L. (2021). Uneven declines between corals and cryptobenthic fish 
symbionts from multiple disturbances. Scientific Reports, 11, 16420.

Gardiner, N. M., & Jones, G. P. (2005). Habitat specialisation and overlap 
in a guild of coral reef cardinalfishes (Apogonidae). Marine Ecology 
Progress Series, 305, 163–175.

Gerlach, G., Atema, J., Kingsford, M. J., Black, K. P., & Miller-Sims, V. 
(2007). Smelling home can prevent dispersal of reef fish larvae. 
Proceedings of the National Academy of Sciences, 104, 858–863.

Green, A. L., Maypa, A. P., Almany, G. R., Rhodes, K. L., Weeks, R., 
Abesamis, R. A., Gleason, M. G., Mumby, P. J., & White, A. T. (2015). 
Larval dispersal and movement patterns of coral reef fishes, and 
implications for marine reserve network design. Biological Reviews, 
90, 1215–1247.

Hartig, F., & Lohse, L. (2020). DHARMa package: Residual diagnostics 
for hierarchical (multi-level/mixed) regression models. R Package, 
0.3.3.0 ed2020.

Hing, M. L., Klanten, O. S., Dowton, M., Brown, K. R., & Wong, M. Y. L. 
(2018). Repeated cyclone events reveal potential causes of sociality 
in coral-dwelling Gobiodon fishes. PLoS One, 13, e0202407.

Hof, A. R., Jansson, R., & Nilsson, C. (2012). Future climate change will 
favour non-specialist mammals in the (sub)arctics. PLoS One, 7, 
e52574.

Holbrook, S. J., Brooks, A. J., Schmitt, R. J., & Stewart, H. L. (2008). 
Effects of sheltering fish on growth of their host corals. Marine 
Biology, 155, 521–530.

Hughes, J. B., Daily, G. C., & Ehrlich, P. R. (2000). Conservation of insect 
diversity: A habitat approach. Conservation Biology, 14, 1788–1797.

Hughes, T. P., Anderson, K. D., Connolly, S. R., Heron, S. F., Kerry, J. T., 
Lough, J. M., Baird, A. H., Baum, J. K., Berumen, M. L., Bridge, T. C., 
Claar, D. C., Eakin, C. M., Gilmour, J. P., Graham, N. A. J., Harrison, 
H., Hobbs, J. P. A., Hoey, A. S., Hoogenboom, M., Lowe, R. J., … 
Wilson, S. K. (2018). Spatial and temporal patterns of mass bleach-
ing of corals in the Anthropocene. Science, 359, 80–83.

Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Chase, T. J., Dietzel, 
A., Hill, T., Hoey, A. S., Hoogenboom, M. O., Jacobson, M., Kerswell, 
A., Madin, J. S., Mieog, A., Paley, A. S., Pratchett, M. S., Torda, G., 
& Woods, R. M. (2019). Global warming impairs stock–recruitment 
dynamics of corals. Nature, 568, 387–390.

Kiers, E. T., Palmer, T. M., Ives, A. R., Bruno, J. F., & Bronstein, J. L. (2010). 
Mutualisms in a changing world: An evolutionary perspective. 
Ecology Letters, 13, 1459–1474.

Kuwamura, T., Nakashima, Y., & Yogo, Y. (1996). Plasticity in size and 
age at maturity in a monogamous fish: Effect of host coral size and 
frequency dependence. Behavioral Ecology and Sociobiology, 38, 
365–370.

Kuwamura, T., Yogo, Y., & Nakashima, Y. (1994). Population dynamics of 
goby Paragobiodon echinocephalus and host coral Stylophora pistil-
lata. Marine Ecology Progress Series, 103, 17–23.

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest 
package: Tests in linear mixed effects models. Journal of Statistical 
Software, 82, 1–26.

Lassig, B. R. (1981). Significance of the epidermal ichthyotoxic secretion 
of coral-dwelling gobies. Toxicon, 19, 729–735.

Lefcheck, J. S. (2016). piecewiseSEM: Piecewise structural equation 
modelling in R for ecology, evolution, and systematics. Methods in 
Ecology and Evolution, 7, 573–579.

Lenth, R. V., Buerkner, P., Herve, M., Love, J., Riebl, H., & Singmann, H. 
(2020). emmeans package: Estimated marginal means, aka least-
squares means. R Package, v1.4.7 ed2020.

Lüdecke, D., Ben-Shachar, M. S., Patil, I., Waggoner, P., & Makowski, D. 
(2021). Assessment, testing and comparison of statistical models 
using R. Journal of Open Source Software, 6, 3139.

Marquis, M., Toro, I. D., & Pelini, S. L. (2014). Insect mutualisms buffer 
warming effects on multiple trophic levels. Ecology, 95, 9–13.

McKeon, C. S., Stier, A. C., McIlroy, S. E., & Bolker, B. M. (2012). Multiple 
defender effects: Synergistic coral defense by mutualist crusta-
ceans. Oecologia, 169, 1095–1103.

Munday, P. L. (2000). Interactions between habitat use and patterns 
of abundance in coral-dwelling fishes of the genus Gobiodon. 
Environmental Biology of Fishes, 58, 355–369.

Munday, P. L. (2001). Fitness consequences of habitat use and competi-
tion among coral-dwelling fishes. Oecologia, 128, 585–593.

Munday, P. L., Caley, M. J., & Jones, G. P. (1998). Bi-directional sex change 
in a coral-dwelling goby. Behavioral Ecology and Sociobiology, 43, 
371–377.

Munday, P. L., Harold, A. S., & Winterbottom, R. (1999). Guide to coral-
dwelling gobies, genus Gobiodon (Gobiidae), from Papua New 
Guinea and the great barrier reef. Revue Française d'Aquariologie, 
26, 53–58.

Munday, P. L., Jones, G. P., Pratchett, M. S., & Williams, A. J. (2008). 
Climate change and the future for coral reef fishes. Fish and 
Fisheries, 9, 261–285.

Nakashima, Y., Kuwamura, T., & Yogo, Y. (1996). Both-ways sex change in 
monogamous coral gobies, Gobiodon spp. Environmental Biology of 
Fishes, 46, 281–288.



    |  11 of 11FROEHLICH et al.

Penin, L., Michonneau, F., Baird, A., Connolly, S., Pratchett, M., Kayal, M., 
& Adjeroud, M. (2010). Early post-settlement mortality and the struc-
ture of coral assemblages. Marine Ecology Progress Series, 408, 55–64.

Pereira, P. H. C., & Munday, P. L. (2016). Coral colony size and structure 
as determinants of habitat use and fitness of coral-dwelling fishes. 
Marine Ecology Progress Series, 553, 163–172.

Pereira, P. H. C., Munday, P. L., & Jones, G. P. (2015). Competitive mech-
anisms change with ontogeny in coral-dwelling gobies. Ecology, 96, 
3090–3101.

Pratchett, M. S., Messmer, V., & Wilson, S. K. (2020). Size-specific recol-
onization success by coral-dwelling damselfishes moderates resil-
ience to habitat loss. Scientific Reports, 10, 17016.

R Core Team. (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Rueger, T., Buston, P. M., Bogdanowicz, S. M., & Wong, M. Y. (2021). 
Genetic relatedness in social groups of the emerald coral goby 
Paragobiodon xanthosoma creates potential for weak kin selection. 
Molecular Ecology, 30, 1311–1321.

Rueger, T., Gardiner, N. M., & Jones, G. P. (2014). Relationships between 
pair formation, site fidelity and sex in a coral reef cardinalfish. 
Behavioural Processes, 107, 119–126.

Rueger, T., Gardiner, N. M., & Jones, G. P. (2018). Site fidelity facilitates 
pair formation in aggregations of coral reef cardinalfish. Oecologia, 
186, 425–434.

Rueger, T., Harrison, H. B., Buston, P. M., Gardiner, N. M., Berumen, M. L., 
& Jones, G. P. (2020). Natal philopatry increases relatedness within 
groups of coral reef cardinalfish. Proceedings of the Royal Society B: 
Biological Sciences, 287, 20201133.

Selwyn, J. D., Hogan, J. D., Downey-Wall, A. M., Gurski, L. M., Portnoy, D. 
S., & Heath, D. D. (2016). Kin-aggregations explain chaotic genetic 
patchiness, a commonly observed genetic pattern, in a marine fish. 
PLoS One, 11, e0153381.

Sensenig, R. L., Kimuyu, D. K., Ruiz Guajardo, J. C., Veblen, K. E., Riginos, 
C., & Young, T. P. (2017). Fire disturbance disrupts an acacia ant–
plant mutualism in favor of a subordinate ant species. Ecology, 98, 
1455–1464.

Sergio, F., Blas, J., & Hiraldo, F. (2018). Animal responses to natural dis-
turbance and climate extremes: A review. Global Planet Change, 161, 
28–40.

Sievert, C. (2020). Interactive web-based data visualization with R, plotly, 
and shiny. Chapman and Hall/CRC.

Six, D. L., Poulsen, M., Hansen, A. K., Wingfield, M. J., Roux, J., Eggleton, 
P., Slippers, B., & Paine, T. D. (2011). Anthropogenic effects on in-
teraction outcomes: Examples from insect-microbial symbioses in 
forest and savanna ecosystems. Symbiosis, 53, 101–121.

Thompson, J. R., Rivera, H. E., Closek, C. J., & Medina, M. (2015). 
Microbes in the coral holobiont: Partners through evolution, 

development, and ecological interactions. Frontiers in Cellular and 
Infection Microbiology, 4, 1–20.

Tremblay, A., & Ransijn, J. (2020). LMERConvenienceFunctions-package: 
Model selection and post-hoc analysis for (G)LMER Models. R 
Package, v3.0 ed2020.

Turner, M. G. (2010). Disturbance and landscape dynamics in a changing 
world. Ecology, 91, 2833–2849.

Untersteggaber, L., Mitteroecker, P., & Herler, J. (2014). Coral architec-
ture affects the habitat choice and form of associated gobiid fishes. 
Marine Biology, 161, 521–530.

Vázquez, D. P., & Simberloff, D. (2002). Ecological specialization and 
susceptibility to disturbance: Conjectures and refutations. The 
American Naturalist, 159, 606–623.

Veron, J. E. N., Stafford-Smith, M. G., Turak, E., & DeVantier, L. M. (2018). 
Corals of the world. To go to the current version access: http://coral​
softh​eworld.org

Visser, M. E., & Gienapp, P. (2019). Evolutionary and demographic con-
sequences of phenological mismatches. Nature Ecology & Evolution, 
3, 879–885.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L. D., François, 
R., François, R., Grolemund, G., Hayes, A., Henry, L., Hester, J., 
Kuhn, M., Pedersen, T. L., Miller, E., Bache, S. M., Müller, K., Ooms, 
J., Robinson, D., Seidel, D. P., … Yutani, H. (2019). Welcome to the 
tidyverse. Journal of Open Source Software, 4, 1686.

Wilson, S. K., Graham, N. A. J., Pratchett, M. S., Jones, G. P., & Polunin, 
N. V. C. (2006). Multiple disturbances and the global degradation of 
coral reefs: Are reef fishes at risk or resilient? Global Change Biology, 
12, 2220–2234.

Wong, M. Y. L., & Buston, P. M. (2013). Social systems in habitat-specialist reef 
fishes: Key concepts in evolutionary ecology. Bioscience, 63, 453–463.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Froehlich, C. Y. M., Klanten, O. S., 
Hing, M. L., Dowton, M., & Wong, M. Y. L. (2023). Delayed 
recovery and host specialization may spell disaster for 
coral-fish mutualism. Ecology and Evolution, 13, e10209. 
https://doi.org/10.1002/ece3.10209

http://coralsoftheworld.org
http://coralsoftheworld.org
https://doi.org/10.1002/ece3.10209

	Delayed recovery and host specialization may spell disaster for coral-­fish mutualism
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study location
	2.2|Sampling method
	2.3|Data analysis

	3|RESULTS
	3.1|Goby recovery is lagging behind the recovery of their coral hosts
	3.2|Some gobies showed plasticity in their host specialization

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	OPEN RESEARCH BADGES
	DATA AVAILABILITY STATEMENT

	REFERENCES


