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Abstract
Aim: Chronic anthropogenic stressors are increasing in intensity, making ecosystems
more vulnerable to acute disturbances. Recovery processes are not always well understood due to the complexity of ecosystems and the lack of appropriate indicators.
Temporal synchrony is a valuable metric for assessing whether fluctuations in abundance of different species are homogeneous or heterogeneous over time.
Theoretically, a great diversity of responses by species facing disturbances is associated with a stable ecosystem, with species turnover guaranteeing the persistence of
key ecological processes. We analysed the fluctuations of synchrony of a fish community to assess its resilience in an ecosystem exposed to various disturbances.
Location: Moorea (French Polynesia).
Methods: Using one of the longest time series available for coral reefs (ca. 35 years),
we examined the variations in substrate cover, and the abundance, synchrony and
composition of different fish trophic guilds. Multivariate analyses involving syn-
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chrony were used to determine the stability of trophic guilds.

Editor: Cascade Sorte

had different effects on the synchrony of particular guilds.

Results: Changes in fish community composition indicated incomplete taxonomic resilience. However, community synchrony was lower during periods of low coral cover,
indicating greater response diversity, while total fish abundance remained fairly stable. Synchrony drop was due to relationships with coral cover that differed by trophic
guild, or the differences in species responses within guilds. Some guilds such as sessile invertebrate feeders exhibited a strong homogeneity of response over time, indicating a greater vulnerability. We also highlighted that various types of disturbances
Main conclusions: The fish community appeared functionally resilient, with stability
of total abundance and most trophic guilds. This could be a factor explaining the rapid
recovery of Moorea's coral reefs from disturbances. However, the homogeneous responses of some fish groups to disturbances may compromise the reef recovery potential on the long term if disturbances become more frequent.
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1 | I NTRO D U C TI O N

(Graham, Cinner, Norström, & Nyström, 2014), as chronic anthropogenic stress compromises the capacity for resilience to acute

The capacity of an ecosystem to recover its main ecological func-

environmental disturbances (Graham, Jennings, MacNeil, Mouillot,

tions after disturbances is known as ecological resilience (Holling,

& Wilson, 2015; Graham, Nash, & Kool, 2011). Some fish species

1973). The resilience of an ecosystem does not necessarily imply a

insure functions that are crucial for the capacity of resilience of

return to the initial taxonomic composition observed before distur-

coral reefs (Adam et al., 2011; Hughes et al., 2007) such as herbiv-

bance, but rather a return to the same functioning (Walker, 1981).

ory (Thibaut, Connolly, & Sweatman, 2012), recycling of nutrients

Taxonomic richness is trad itiona lly as sociat ed wit h improved

or regulation of food web dynamics (Holmlund & Hammer, 1999).

ecosystem resilience (Mori, Furukawa, & Sasaki, 2013). However,

As these functions could be compromised by drastic changes in

higher species richness does not necessarily entail greater func-

the composition of fish communities, more investigations are

tional diversity (C adotte, Cardi nale, & Oakl ey, 2008; Hillebrand

needed on how fish communities respond to acute disturbances.

& Matthiessen, 20 09; Mcgill, Enquist, Weiher, & Westoby, 2006;

Over the years following an acute disturbance, the fish commu-

Mori et al., 2013) because similar functions can be shared by vari-

nity can either regain similar functioning, with or without regain-

ous species within an ecosystem (Walker, 1992). Therefore, inves-

ing taxonomic composition, or fail in regaining both composition

tigating ecological resilience requires not only an understanding of

and functioning (Bellwood et al., 2012). Many studies have tackled

species response to disturbance, but also an analysis of functional

the response of fish communities to environmental disturbances

group responses and species redundancy within a function (Mori

by focusing on abundance or biomass variations (McClanahan &

et al., 2013).

Graham, 2015) coupled with analyses of global community compo-

Temporal synchrony measures whether fluctuations of spe-

sition (Adam et al., 2014; Boaden & Kingsford, 2015; Williamson,

cies' abundances are homogeneous (high synchrony) or hetero-

Ceccarelli, Evans, Jones, & Russ, 2014). These studies identified

geneous (low synchrony) over a given time period (Loreau & de

many relevant factors for the resilience of fish communities includ-

Mazancourt, 2008). High synchrony indicates lower response di-

ing coral reef rugosity (Emslie, Cheal, Sweatman, & Delean, 2008)

versity (Elmqvist et al., 2003; Mori et al., 2013) and is associated

or marine area protection level (Mellin, MacNeil, Cheal, Emslie, &

with a less resilient ecosystem (Loreau, 2001; Reich et al., 2012).

Caley, 2016). The response diversity within functional groups has

Low synchrony indicates higher response diversity and is associ-

been increasingly studied in coral reef fish communities using spa-

ated with a more resilient ecosystem. The response diversity is

tial turnover (Lamy, Legendre, Chancerelle, Siu, & Claudet, 2015;

indeed associated with the concept of the “insurance hypothesis”

Mellin, Bradshaw, Fordham, & Caley, 2014), cross‐scale redundancy

(Yachi & Loreau, 1999), which states that a rich community is less

(Nash, Graham, Jennings, Wilson, & Bellwood, 2016) or proportional

likely to lose its functions during environmental fluctuations (Mori

changes in species abundances with coral cover (Pratchett, Hoey,

et al., 2013). For instance, if environmental fluctuations impact

Wilson, Messmer, & Graham, 2011) as indicators. Some of these

negatively most (or all) species inside a same functional group, it is

studies showed high response diversity following acute disturbances

likely that this function will be at risk (Elmqvist et al., 2003; Duffy,

(Pratchett et al., 2011; Wilson et al., 2008). A decrease in temporal

Richardson, & France, 2005). The loss of ecosystem functions can

synchrony may be expected after acute disturbances because of the

then affect the whole ecosystem through feedback loops such

relationships between low temporal synchrony and high response

as bottom‐up and top‐down effects or trophic cascades (Eklof

diversity. However, a study carried out in a North Atlantic fish com-

& Ebenman, 2006). Thus, response diversity is a key indicator of

munity (Pedersen et al., 2017) showed that the collapse of the fish

community stability for conservation studies.

community induced by both chronic anthropogenic stressors (over-

Coral reefs are among the most productive and biologically

fishing) and physical perturbations (temperature) was associated

diverse ecosystems on Earth (Moberg & Folke, 1999). The tre-

with synchronous fluctuations of species biomass. Only few stud-

mendous diversity of fish species they harbour makes coral reef

ies have investigated species spatial or temporal synchrony in coral

ecosystems ideal models to test whether resilience is a function

reefs (Cheal, Delean, Sweatman, & Thompson, 2007; Thibaut et al.,

of species functional redundancy or response diversity. Increasing

2012) and never on a whole community and its trophic guilds in the

chronic anthropogenic pressures (Bennett et al., 2016; Hughes

context of acute disturbances over a long time‐scale.

et al., 2017) such as overfishing (MacNeil et al., 2015), pollution

Here, we analysed the changes in the coral reef fish community

(Szmant, 2002) or ocean acidification (Hoegh‐Guldberg et al.,

of Moorea (French Polynesia) for a period of circa 35 years. Moorea's

2007) are presently threatening coral reefs that are already ex-

coral reefs historically exhibited high recovery of coral cover and fish

posed to acute natural and climatic disturbances exacerbated by

abundance when exposed to various environmental disturbances

anthropogenic activities such as cyclones (Bythell, Hillis‐Starr,

(Galzin et al., 2016; Lamy, Galzin, Kulbicki, Lison de Loma, & Claudet,

& Rogers, 2000), coral bleaching (Hoegh‐Guldberg, 1999) and

2016; Martin, Moritz, Siu, & Galzin, 2016). Although the coral com-

crown‐of‐thorns starfish (Acanthaster planci, Linnaeus 1758) out-

munity has partially returned to its pre‐disturbance composition

breaks (Birkeland & Lucas, 1990). The responses of coral reefs to

(Adjeroud et al., 2018), disturbances induced long‐term composition

these disturbances are strongly dependent on the type and in-

changes in the fish community (Berumen & Pratchett, 2006; Lamy

tensity of the disturbance as well as on the geographical location

et al., 2016). Such changes first indicate that fish species respond

|
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differently to disturbances but also that the alteration of the fish

3

The benthic composition was monitored using four fixed 50‐metre

community persists for at least a few years after coral cover recov-

transects parallel to the barrier reef located at 6, 12, 20 and 25 m

ery. As coral and fish communities are interdependent (McCook,

depth every year. Substrate per cent cover for eight categories

Jompa, & Diaz‐Pulido, 2001), the contrasts between the coral recov-

(coral, macroalgae, pavement, crustose coralline algae, rubble,

ery and the changes in the fish community composition could be ex-

sand, turf and “others”) was evaluated using the point intercept

plained by a possible return to a pre‐disturbance functioning of the

transect method by identifying substrate every metre along the

fish community without a regain of taxonomic composition. Here,

transect (Hill & Wilkinson, 2004). We used the data of a previ-

we investigated the functional resilience of the fish community by

ous study (Bouchon, 1985) to obtain the coral cover of Tiahura

studying how disturbances affect the whole fish community and its

fore reef in 1983. The fish community was monitored by visual

major trophic guilds. After describing the changes in the fish com-

census using a 2 × 50 m benthic transect located at 12 m deep

munity composition, we studied the variations of abundance and

parallel to the barrier reef. One supplementary survey performed

species synchrony for the whole community and its different tro-

in 1983 (Bouchon, 1985) was included in our analysis. Fish were

phic guilds. As investigating temporal synchrony requires long‐term

systematically counted and identified at the species level between

data, our 35‐year‐long dataset is not only adapted for such analyses

September and November to avoid possible seasonal effects. We

but also rare among coral reef monitoring programs (Moritz et al.,

averaged fish abundance from the four temporal replicates sam-

2018; Wilkinson, Nowak, Miller, & Baker, 2013). As coral reef fish

pled during the 2 days of counting.

species are highly dependent on benthic composition, we hypothesized that the various trophic guilds were differently affected by
varying substrate compositions (i.e., hard coral and other important

2.3 | Statistical analyses

benthic components). We also expected that species had different

Several substrate components (turf, pavement, rubble and crustose

responses to varying substrate compositions due to their specific

coralline algae) were combined into a category called “cropped sur-

feeding or homing behaviours. Thus, we expected to find low values

face” because they represent the types of substrates used by grazing

of the synchrony indicator for the whole fish community. We hy-

herbivores (Martin et al., 2016). Fish species were divided into six

pothesized that synchrony within trophic guilds would be higher, in

trophic guilds: herbivores, omnivores, mobile benthic invertebrate

particular in guilds that contain species with similar habitat require-

feeders (MBIF), sessile benthic invertebrate feeders (SBIF) that in-

ments or that are strongly dependent on coral such as corallivores.

clude corallivores and some rare sponge feeders, planktivores and
piscivores (see Table S1). These trophic guilds were formed based

2 | M E TH O DS
2.1 | Study system

on their general feeding preferences (Legendre, Galzin, & Harmelin‐
Vivien, 1997). To test if abundance and synchrony changes were
related to feeding specializations, we performed analyses on the
herbivore community both in its entirety and on its different sub-

Moorea Island is located in the Society Archipelago (French

functions, that is, scrapers/excavators, grazers, browsers and detri-

Polynesia), and its reefs have been intensively studied over the past

tivores. These subgroups indeed have different feeding preferences

decades (Adam et al., 2014; Adjeroud, 1997; Bertucci, Parmentier,

such as macroalgae for browsers or the epilithic algal matrix for

Lecellier, Hawkins, & Lecchini, 2016; Gattuso, Pichon, Delesalle,

the others (Green & Bellwood, 2009). These latter also select dif-

& Frankignoulle, 1993; Han, Adam, Schmitt, Brooks, & Holbrook,

ferent compounds of the epilithic algal matrix (e.g., mainly algae for

2016; Salvat et al., 1972). Tiahura lagoon and fore reef located on

grazers, detritus for detritivores and microorganisms for scrapers

the north‐west shelf of Moorea have been monitored for 35 years

and excavators). The differences in herbivore feeding behaviours

(Adjeroud, 1997; Galzin, 1987; Galzin et al., 2016), which is an ex-

are reflected by differences in their ecological functions (Green &

ceptionally long time period for coral reef monitoring data globally

Bellwood, 2009). Because large excavators, restricted to one species

(Moritz et al., 2018; Wilkinson et al., 2013). As we aimed at analysing

Chlorurus microrhinos (Bleeker, 1854), were very rare, we decided to

the effect of acute disturbances on the fish community, we focused

investigate scrapers and excavators as a single subfunctional group.

our analysis on the fore reef that has been strongly impacted dur-

Some small unidentified juveniles (3 “species” among 210 species)

ing the last decades by acute environmental disturbances, especially

were not included in the analysis.

cyclones and crown‐of‐thorns starfish (COTS) outbreaks (Adjeroud,

The temporal variation in fish community composition was visu-

1997; Lamy et al., 2015, 2016). In contrast, the lagoon, protected by

alized using a non‐metric multidimensional scaling (NMDS; McCune,

the barrier reef, showed less marked variations and was therefore

Grace, & Urban, 2002) based on the Bray–Curtis dissimilarity index

not considered in the analysis.

calculated on the log‐transformed yearly abundance of all fish
species.

2.2 | Data collection

The whole community synchrony as well as the synchrony of
species within each trophic guilds (and herbivore subgroups) were

The benthic composition and the fish community of Tiahura fore

calculated using the community synchrony index from Loreau and de

reef were monitored each year since 1987 (Galzin et al., 2016).

Mazancourt (2008). This index is defined by the following equation:

4
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𝜑=

𝜎x2

T

(Σ𝜎xT )2

version 3.4.1 package) for abundance. However, we found auto(1)

correlations in most cases for synchrony. In these cases, we added
time as a factor to the linear regression models (Y ~ X + year), which

where 𝜎x2 represents the temporal variance of the community times
T
�∑ �2
series and
𝜎xi represents the sum of the temporal standard de-

did not include linear models for the remaining relationships: MBIF

viation of the time series across all species. Total mean synchrony

synchrony, browser synchrony, detritivore synchrony, omnivore

estimates were calculated between 1987 and 2016, and the evo-

synchrony, SBIF synchrony, scraper/excavator synchrony and MBIF

eliminated the temporal autocorrelations in some relationships. We

lution of synchrony was calculated using a running 5‐year window

abundance. The “acf” temporal correlation plots are available in

ending in the year of interest as in Pedersen et al. (2017). An index

Appendix S1.

of 0 reflects perfect asynchrony, while perfectly synchronous fluc-

All analyses were performed using R software version 3.4.1

tuations of fish species abundance are represented by an index of

(2017), and the “synchrony” version 0.2.3 (Gouhier & Guichard,

1. Statistical significance was determined with 1,000 replicates of

2014) and “vegan” version 2.4.3 (Oksanen et al., 2016) packages.

Monte Carlo randomizations of each column of the data matrix (default parameter). Significant values (α = 0.05) indicate synchronous
fluctuations, while insignificant values indicate a lack of synchrony.

3 | R E S U LT S

The relationships between fish community parameters (total
abundance, total synchrony, abundance and synchrony of each tro-

The variations of coral cover of Tiahura fore reef (Figure 1) are char-

phic guild, abundance of some species) and the coral cover (and the

acterized by periods of decline after disturbances followed by re-

cropped surface in some cases) were calculated using linear models.

gain phases. Coral cover dropped to a minimum of 15.2% (SE ± 6.2)

We applied a log‐transformation to our abundance and substrate

after the 1991 cyclone and 10.4% (SE ± 5.7) after the 2006 crown‐

cover data when they were not normally distributed. We found rare

of‐thorns starfish (COTS) outbreak, and below 5% after the 2010

temporal autocorrelations when applying the function “acf” (“stats”

cyclone. Coral cover respectively took 4 and 10 years to recover

F I G U R E 1 Temporal dynamics of the properties of the fish community (black lines) and coral cover (orange lines, N = 124; 31 years × 4
transects). Variation in abundance (N = 124; 31 years × 4 temporal replicates) and 5‐year synchrony (N = 26 years) of (a) the whole fish
community, (c) herbivores, (d) omnivores, (e) sessile benthic invertebrate feeders (S.B.I.F), (f) mobile benthic invertebrate feeders (MBIF), (g)
piscivores and (h) planktivores. The temporal variations in the proportions of trophic guilds are displayed in (b). Standard errors are displayed
in shaded colours (when available) around the lines representing the mean values. Vertical dotted lines represent the 1991 and 2010
cyclones. The vertical dashed line indicates the start of the 2006 crown‐of‐thorns starfish outbreak. White circles indicate statistically non‐
significant synchrony, while black circles point out significant synchrony. All y‐axes are not equivalent
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TA B L E 1

5

Linear models used in the study
Coefficients
Summary

Model

R

2

Substrate
df1

df2

F

p

T

Year
p

T

***

−8.47

<0.001

12.5

0.001***

−3.54

0.001***

***

<0.001

5.63

<0.001***

2.07

0.05*

log(cropped) ~ coral + year

0.84

2

27

67.5

<0.001

All ~ coral

0.02

1

27

0.59

0.45

Herbivores ~ coral

0.12

1

27

3.79

0.06

Omnivores ~ coral

0.32

1

27

SBIF ~ coral

0.54

1

27

31.7

Piscivores ~ coral

0.14

1

27

4.3

0.05*

Planktivores ~ coral

0.08

1

27

2.2

0.15

log(scrapers) ~ coral

0.64

1

27

48.6

Grazer ~ coral

0.04

1

27

1.2

0.27

Browser ~ coral

0.00

1

27

0.0

0.85

Detritivore ~ coral

0.00

1

27

0.1

0.74

Herbivores ~ log(cropped)

0.14

1

27

4.57

0.04*

<0.001***

−6.97

***

p

4.81

<0.001***

2.98

0.006**

<0.001***

2.14

0.04*

***

Omnivores ~ log(cropped)

0.41

1

27

18.8

<0.001

4.34

<0.001***

log(scrapers) ~ log(cropped)

0.54

1

27

31.9

<0.001***

5.64

<0.001***

Grazer ~ log(cropped)

0.05

1

27

1.5

Detritivore ~ cropped

0.00

1

27

0.0

Sync(all) ~ coral + year

0.52

2

22

14.2

5.16

<0.001***

log(sync(herbivores)) ~ coral +
year

0.19

2

22

2.7

0.09

log(sync(piscivores)) ~ coral + y
ear

0.26

2

22

4.0

0.03*

0.80

0.43

−2.27

0.03*

Sync(planktivores) ~ coral + yea
r

0.25

2

22

3.7

0.04*

2.66

0.01*

0.46

0.65

Sync(grazers) ~ coral + year

0.49

2

22

10.4

<0.001***

−0.102

0.92

4.27

0.23
0.86
<0.001***

<0.001***

Note. “Sync” indicates synchrony data, while unspecified parameters refer to abundances or substrate covers. “Substrate” coefficient refers to coral
cover (“coral”) or the cropped surface (“cropped”) depending on the considered model. “All”: whole fish community, log: log‐transformation, SBIF:
sessile benthic invertebrate feeders.

pre‐disturbance levels after the 1991 cyclone and the 2006–2010

Changes in community composition first resulted from fluctua-

disturbances. The cropped surface increased with decreases in coral

tions in the proportions of the trophic guilds, which showed strong

cover (Table 1, see Appendix S2).

variations over time (Figure 1b). The fish community was dominated

The total fish abundance varied from 479 fish/100 m2 in 2011 to
2

in terms of abundance by planktivores (41.9%–79.2% of all fish),

1707 fish/100 m in 2014 (Figure 1a). No significant relationship was

and no other trophic guilds exceeded 20% of the total fish abun-

found between total fish abundance and coral cover (Table 1). The

dance. The variations in proportions are explained by different

mean synchrony of the fish community was low indicating no signif-

patterns among trophic guilds. The abundance of sessile benthic

icant synchronous fluctuations of species abundances when consid-

invertebrate feeders (SBIF), dominated by corallivorous butterfly-

ering the whole investigated period (sync = 0.10, p = 0.60). However,

fishes, closely followed the variations of live coral cover (Figure 1e,

the profile of community synchrony followed the variations in coral

Table 1, Appendix S3a). On the contrary, the guilds that feed on the

cover (Figure 1a, Table 1, Appendix S2). Years with high coral cover

cropped surface (e.g., herbivores, omnivores and mobile benthic in-

were associated with significant synchronous abundance fluctua-

vertebrate feeders [MBIF]) increased after the 2006 COTS outbreak

tions while the first 7–9 years after the 1991 cyclone and the 2006

(Figure 1cdf). The abundances of omnivores (herbivores) were pos-

COTS outbreak were associated with more heterogeneous fluctua-

itively (weakly) related to the cropped surface (Table 1, Appendix

tions. Community composition varied greatly during and after the

S3bd). Herbivores and omnivores declined after the 2010 cyclone to

2006 COTS outbreak (Figure 2). Changes in community composi-

their pre‐2006 levels contrary to MBIF. Piscivores and planktivores

tion were small and mostly occurred along axis 2 of the NMDS until

were less impacted by coral cover fluctuations (Figure 1gh, Table 1)

2006, while stronger variations were found later along axis 1 of the

despite a significant relationship between piscivore abundance and

NMDS after 2006.

coral cover (Table 1, Appendix S3e).

6
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Synchrony patterns were heterogeneous across trophic guilds.

p = 0.69) were also low. Piscivore synchrony significantly decreased

SBIF presented homogeneous abundance fluctuations with a high

with time (Table 1, Appendix S2) while planktivore synchrony signifi-

mean synchrony over the sampled period (sync = 0.54, p < 0.001)

cantly increased with coral cover (Table 1, Appendix S2).

despite a drop in the synchrony index between 1995 and 2000.

The subdivision of herbivores also showed different responses

Herbivores, omnivores and MBIF presented a lower mean synchrony

to disturbances between but also within subgroups. Whereas the

(herbivores: sync = 0.10, p = 0.01; omnivores: sync = 0.36, p = 0.36;

abundances of scraping/excavating species, grazers and detritivores

MBIF: sync = 0.17, p = 0.05) indicating more heterogeneous abun-

increased after the 2006 COTS outbreak (Figure 3bcd), only the

dance fluctuations within these guilds. These three trophic guilds

abundance of scraping/excavating species was positively and nega-

presented more homogeneous abundance fluctuations (peak of

tively related with the cropped surface and coral cover, respectively

synchrony) after the 2006 COTS outbreak but synchrony quickly

(Table 1, Appendix S4b). Browser abundance highly varied (Figure 3a)

decreased after the 2010 cyclone. The mean synchrony values of

but was not related to coral cover (Table 1). The abundance fluctua-

piscivores (sync = 0.20, p = 0.09) and planktivores (sync = 0.17,

tions of most herbivore subgroups lacked synchrony over the studied period (grazers: sync = 0.18, p = 0.04; browsers: sync = 0.77,
p = 0.49; detritivores: sync = 0.27, p = 0.98). However, scrapers/excavators showed significantly synchronous fluctuations (sync = 0.28,
p = 0.009). The synchrony indexes of herbivore subfunctions varied
over time but presented different patterns. Scraper/excavator synchrony was high between 1991 and 1997 (Figure 3d). Their synchrony
increased slightly after the 2006 COTS outbreak and declined after
the 2010 cyclone. Grazer synchrony significantly increased with time
(Table 1, Figure 3c, Appendix S2). Browser synchrony presented small
variations over time. Detritivores displayed highly heterogeneous

F I G U R E 2 Temporal dynamics of the long‐term trajectory
of the total fish community resulting from a two‐dimensional
representation of the non‐metric multidimensional scaling (NMDS)
analysis (N = 31 years). “COTS” and the red circle represent the
start of the 2006 crown‐of‐thorns starfish outbreak; “C” and the
blue circles indicate the occurrence of the 2010 cyclone. White
circles give information about the chronology by showing the start
of the analysis and years ending by zero or five (except for 2010
due to cyclone)

abundance fluctuations between 2000 and 2008.
The lack of synchrony in most herbivore subgroups is explained
by differences in the abundance variations of their constituting species. In scraping/excavating species, Chlorurus spilurus (Valenciennes,
1840) and Scarus psittacus (Forsskål, 1775), which were responsible
for most of the variation in abundance (see Appendix S4c), presented a
strong and a weak negative relationships with coral cover (Figure 4ab),
respectively. Grazers abundance showed widely varying relationships

F I G U R E 3 Temporal dynamics of herbivore subgroups (black lines): temporal variations of abundance (N = 124; 31 years × 4 temporal
replicates) and synchrony (N = 26 years) of (a) browsers, (b) detritivores, (c) grazers and (d) scrapers/excavators. The variations in coral cover
are displayed in orange (N = 124; 31 years × 4 transects). Standard errors are displayed in shaded colours (when available) around the lines
representing the mean values. Vertical dotted lines represent the 1991 and 2010 cyclones. The vertical dashed line indicates the start of
the 2006 crown‐of‐thorns starfish outbreak. White circles indicate statistically non‐significant synchrony, while black circles point out
significant synchrony
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during the subsequent recovery phase. Therefore, even if coral
communities have partially returned to pre‐disturbance composition (Adjeroud et al., 2018), there is no recovery of the taxonomical composition of the fish community. The contrasting results
between coral and fish communities could be interpreted as lags
in the fish community response to changes in the coral community
(Graham et al., 2007). Moorea's fish community may need more
time not only to respond to a decrease in coral cover, but also
to fully recover in the years following a disturbance (Lamy et al.,
2016). However, changes in taxonomical composition are not necessarily synonym of loss of functions (Bellwood et al., 2012) and
the fish community of Tiahura could be functionally resilient (e.g.,
conservation of its ecological functions).
The stability of fish abundance despite strong coral cover fluctuations may be explained by compensatory dynamics. The absence of
a positive relationship between total fish abundance and coral cover
contradicts other studies in other parts of the world (Komyakova,
Munday, & Jones, 2013), but agrees with studies previously carried
out in Moorea (Holbrook, Schmitt, & Brooks, 2008; Lamy et al., 2016;
see also Beldade, Mills, Claudet, & Côté, 2015). In Holbrook et al.'s
study (2008), the fish community was mainly unaffected by changes
F I G U R E 4 Relationships between the abundance of different
herbivorous species and coral cover (N = 31 years). Linear
regression models (blue lines) are represented with 95% confidence
intervals (shaded grey). P. johnstonianus and C. flavicauda refer,
respectively, to Plectroglyphidodon johnstonianus and Ctenochaetus
flavicauda

in coral cover until the change reached a critical threshold (coral cover:
5%). Variations of fish community synchrony followed coral cover
fluctuations. The abundance fluctuations of fish species within the
fish community were first synchronous but disturbances induced a
decrease in synchrony indicating a stronger response diversity after
disturbances, as previously shown (Wilson et al., 2008). This increase
in response diversity confirms that coral loss has variable effects on

with coral cover notably with negative and positive relationships for

fish species (Bell & Galzin, 1984; Booth & Beretta, 2002; Lamy et al.,

Centropyge bispinosa (Günther, 1860) and Plectroglyphidodon johnsto‐

2015). Compensatory dynamics between fish species, highlighted by

nianus, respectively (Figure 4cd). Other grazers such as Zebrasoma

the loss of synchrony, may have contributed to the stability of total

scopas (Cuvier, 1829) were positively impacted by the 2006 COTS

fish abundance because the decline of some species can be compen-

outbreak but negatively by the 2010 cyclone (See Appendix S5). In

sated by an increase of others (Gonzalez & Loreau, 2009). A previous

detritivores, the two main species, Ctenochaetus flavicauda and C.

study in a freshwater zooplankton community showed that compen-

striatus, had a weak positive relationship and an insignificant relation-

satory dynamics differed among trophic guilds and could even lead

ship with coral cover, respectively (Figure 4ef).

to the extinction of the less heterogeneous guilds (Fischer, Frost, &
Ives, 2001). Thus, the stability of the total fish abundance may hide a
loss (or an alteration) of particular trophic guilds and is therefore not

4 | D I S CU S S I O N

sufficient to conclude if the fish community is functionally resilient.

The resilience of coral reefs depends on many factors such as coral

turbances (Figure 5). The routine approach to compare coral cover

Trophic guilds presented various levels of vulnerability to discommunity composition (Johns, Osborne, & Logan, 2014; Wilson

and fish abundance relationships (Adam et al., 2014; Friedlander &

et al., 2012), feedbacks between fish and benthic communities

Parrish, 1998) notably showed positive relationships between SBIF

(McCook et al., 2001) or the functions fulfilled by the fish com-

abundance and coral cover or between herbivore abundance and

munity (Graham et al., 2015). Moorea's coral reefs have been con-

cropped surface. These differences were attributed to high depen-

sidered resilient (Adjeroud et al., 2009; Martin et al., 2016) due

dence on live coral (Irons, 1989) or their affinity for the cropped

to the quick recovery of coral cover after recurrent disturbances.

surface (Martin et al., 2016), respectively. SBIF are thus vulnerable

However, other studies have concluded that Moorea's reefs are

to coral decrease. The investigation of synchrony by trophic guilds

not resilient due to the changes in the composition of fish commu-

provides complementary information to the studies based on abun-

nities (Berumen & Pratchett, 2006). Here, we also found a strong

dance patterns. The highly synchronous abundance fluctuations of

shift in the fish community composition after the 2006 COTS out-

SBIF were associated with reduced response diversity, while other

break and the 2010 cyclone similarly to the study by Lamy et al.

guilds such as herbivores and planktivores presented higher re-

(2016) and showed that these taxonomic changes are maintained

sponse diversity (Pratchett et al., 2011; Thibaut et al., 2012; Wilson
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et al., 2008). Therefore, SBIF are theoretically more vulnerable,

vulnerability of grazers. However, the overall synchrony of scrap-

while the communities of herbivores and planktivores are more sta-

ers and excavators can be explained by their common tendency to

ble due to high species turnover. An example of species turnover is

increase after each disturbance. Thus, scrapers and excavators ap-

the decrease of coral‐associated damselfishes (Gajdzik, Parmentier,

pear less vulnerable. We acknowledge that trophic guilds containing

Sturaro, & Frédérich, 2016) after disturbances while other plankti-

many species will certainly have more different life‐history traits

vores were less affected. However, some herbivore subgroups may

than guilds containing fewer species when considering other traits

be more vulnerable than others. The strong variations of abundance

than trophic preferences and that these differences may explain a

and high synchrony index of browsers may suggest greater vulner-

part of the variation in response diversity.

ability but may be explained by the reduced number of species in

Our study showed that compensatory dynamics, represented by

this subgroup. The increasing synchrony over the years associated

the decrease in species synchrony, procured stability not only to total

with strong population fluctuations could also suggest increasing

fish abundance but also to most of its trophic functions after the loss

F I G U R E 5 Schematic representation of some effects of crown‐of‐thorns starfish outbreaks and cyclones on fish communities. Before
disturbances, total synchrony was high at the whole community level suggesting homogeneous abundance fluctuations of the different
species. The succession of the 2006 crown‐of‐thorns starfish outbreak and the 2010 cyclone decreased the synchrony of the whole
community through different effects on the species. For example, after the crown‐of‐thorns starfish outbreak, coral cover decreased,
leading to a decrease in corallivore abundance and an increase in the abundances of herbivores, omnivores and mobile benthic invertebrate
feeders. The increase in synchrony showed that these changes of abundance were shared by most species within these groups. In
planktivores and piscivores, response diversity increased associated with a decrease in synchrony. Species associated with live coral
decreased, while other species increased or remained stable. After the 2010 cyclone, rugosity decreased. Response diversity increased
associated with a decrease in synchrony for herbivores and omnivores. Species with preferences for high structural complexity (homing or
feeding behaviour) were more negatively impacted than others. The species shown on the figure were chosen for their importance for coral
reef functioning or for being representative of a more general phenomenon. The barplots represent for each species its density in arbitrary
units. Species are grouped in trophic guilds, for example, herbivores (which include browsers, grazers and scrapers/excavators), corallivores
and planktivores. “COTS” indicates crown‐of‐thorns starfish outbreak. Asterisks indicate potentially more vulnerable guilds. MBIF: mobile
benthic invertebrate feeders, SBIF: sessile benthic invertebrate feeders
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of structural organisms. If the fish community does not regain its tax-

community than COTS outbreaks (Adam et al., 2014; Lamy et al.,

onomical composition, the stability of most of its functions suggests

2015; Wilson, Graham, Pratchett, Jones, & Polunin, 2006). Cyclones

a functional resilience of the fish community. It is the first time that

mostly impact species that depend on hard substrates or that feed

such results are highlighted in a whole coral reef fish community using

on complex structures (Harmelin‐Vivien, 1994). The response di-

synchrony. An equivalent example from a different ecosystem is the

versity after the 2010 cyclone may be explained by the presence of

removal of the canopy‐forming algae in a temperate rocky‐shore en-

herbivores associated with high rugosity such as Plectroglyphidodon

vironment, which decreased synchrony in an intertidal hard‐bottom

species (Gajdzik et al., 2016) or differences in the capacity of using

community, leading to a relative stability of the community properties

different microhabitats for feeding (Brandl, Robbins, & Bellwood,

and functions despite changes in its taxonomic composition (Valdivia,

2015). Some grazers such as Zebrasoma scopas are indeed more

Golléty, Migné, Davoult, & Molis, 2012). On the contrary, another

adapted to feed in coral reefs with high structural complexity (Brandl

study showed that overfishing is associated with synchronous and

et al., 2015; Robertson, Polunin, & Leighton, 1979).

drastic loss of fish abundance (Pedersen et al., 2017). The relative sta-

The division of the fish community using feeding behaviours

bility of total fish abundance and trophic functions such as herbivory

(or other traits) explains a part of species response diversity be-

may be one of the factors that favour the resilience of Moorea's reefs.

cause the reliance of species on coral primarily depends on their

The diversity of responses within herbivores is indeed fundamental

feeding or homing behaviours (Jones, McCormick, Srinivasan, &

for coral reefs because species turnover will insure the persistence

Eagle, 2004). However, the synchrony index showed different

of grazing pressure (Thibaut et al., 2012) and thus prevents the reefs

patterns of response diversity among the different groups even

from shifting towards a non‐reversible macroalgae‐dominant state.

when they were more finely divided (e.g., scrapers/excavators).

Among other herbivores, parrotfishes appeared as the most contrib-

Response diversity can depend on a complex combination of life‐

uting fishes to grazing pressure after disturbances. The two most

history traits or interspecific interactions (Ushio et al., 2018). If

common species, Chlorurus spilurus and Scarus psittacus, strongly in-

synchrony studies cannot uncover the factors themselves, they

creased in abundance after disturbances and appeared essential for

can still distinguish the combined effects of these factors on the

the resilience of Tiahura fore reef. Our study therefore confirms the

fish community. The advantage of synchrony analysis is to esti-

results of the study conducted in Moorea by Adam et al. (2011), yet

mate response diversity independently from coral cover contrary

over an extended period, which included the 1991 hurricane. The

to other approaches (Pratchett et al., 2011). This allows assessing

highly antagonist relationship between S. psittacus abundance and

the levels of response diversity before and after disturbances and

coral cover may suggest a potential greater impact of this species on

according to the type of disturbance.

the resilience of Moorea's coral reefs.
Disturbance type induced different effect on species response

We acknowledge that our study is based on correlation and cannot
provide a definitive conclusion about the role of synchrony in coral reef

diversity. The synchrony index of guilds associated with the cropped

resilience. However, synchrony analyses could be implemented in diverse

surface (herbivores, omnivores, MBIF) increased after the 2006

monitoring programs to assess the stability of key functional groups to

COTS outbreak in parallel with abundance increase. For herbivores,

environmental fluctuations. Such studies only require repetitive esti-

these more homogeneous responses contradicts Wilson et al.'s study

mations of fish specific abundances, which are commonly performed

(2008) that showed heterogeneity of responses in this community

in most monitoring programs. Here, we showed a relative stability of

after coral loss. These opposite results may, however, be explained

most trophic guilds, which could promote reef resilience. We advocate

by the tridimensional structure of the reef, which varied in the two

that the potential vulnerability of some groups could compromise the

studies. The extreme loss of Acropora strongly reduced structural

potential of recovery of this reef in the future. We showed that COTS

complexity in the case of Wilson et al. (2008). On the contrary, in

outbreaks and cyclones had different effects on species synchrony in

Moorea, such branching corals were not dominant before the 2006

some groups, due to their different impacts on coral cover and habitat

COTS outbreak (Lamy et al., 2016). The greater algal availability

rugosity. However, the COTS outbreak and cyclone impacted Moorea

during the 2006 COTS outbreak may have contributed to an over-

consecutively over a short period between 2006 and 2010. Thus, their

all stimulation of herbivore, omnivore and MBIF population growths

impacts on the fish community are combined and must be interpreted

(Pratchett et al., 2011) and caused more synchronous abundance

with care. Further analyses are needed to disentangle the respective ef-

fluctuations in herbivores, omnivores and MBIF. The common ten-

fects of these two disturbances on fish community synchrony and also

dency for grazers, detritivores and scraping/excavating species to

compare with disturbances that occurred in other locations. We there-

increase in abundance after the 2006 COTS outbreak contributed to

fore advocate combining synchrony measures with disturbance history

the increase in herbivore synchrony. Interestingly, we found a similar

to grasp the complexity of ecosystem resilience processes.

result as Wilson et al. (2008) after the cyclone of 2010 for herbivores (including in subgroups associated with the cropped surface),
and also for MBIF and omnivores, for which the increase in response
diversity after this disturbance could be linked with a decrease in

AC K N OW L E D G E M E N T S
We are grateful to Thierry Lison de Loma for participating to data

reef rugosity. Cyclones decrease the structural complexity of coral

acquisition, and to the CRIOBE laboratory staff for their valuable sup-

reefs (Harmelin‐Vivien, 1994) and have different effects on the fish

port throughout this work. We also thank Camille Mellin for her advice

10

|

VIVIANI et al.

on linear modelling and Gabriel Grimsditch (Programme Management
Officer, UN Environment, Nairobi, Kenya) for proofreading.

DATA ACC E S S I B I L I T Y
Data are available on the website SO CORAIL (http://observatoi
re.criobe.pf/CRIOBEData/displayLongtermTiahuraFish.jsp) and
upon request to Serge Planes (serge.planes@criobe.pf).

ORCID
Jérémie Viviani

https://orcid.org/0000-0001-7990-5424
https://orcid.org/0000-0003-1622-2532

Charlotte Moritz
Valeriano Parravicini

https://orcid.org/0000-0002-3408-1625

David Lecchini

https://orcid.org/0000-0002-6347-1112

Laurent Viriot

https://orcid.org/0000-0003-2092-588X

REFERENCES
Adam, T. C., Brooks, A. J., Holbrook, S. J., Schmitt, R. J., Washburn, L.,
& Bernardi, G. (2014). How will coral reef fish communities respond
to climate‐driven disturbances? Insight from landscape‐scale perturbations. Oecologia, 176(1), 285–296. https://doi.org/10.1007/
s00442-014-3011-x
Adam, T. C., Schmitt, R. J., Holbrook, S. J., Brooks, A. J., Edmunds, P.
J., Carpenter, R. C., & Bernardi, G. (2011). Herbivory, connectivity,
and ecosystem resilience: Response of a coral reef to a large‐scale
perturbation. PLoS ONE, 6(8), e23717. https://doi.org/10.1371/journ
al.pone.0023717
Adjeroud, M. (1997). Factors influencing spatial patterns on coral reefs
around Moorea, French Polynesia. Marine Ecology Progress Series,
159, 105–119. https://doi.org/10.3354/meps159105
Adjeroud, M., Michonneau, F., Edmunds, P. J., Chancerelle, Y., de Loma,
T. L., Penin, L., … Galzin, R. (2009). Recurrent disturbances, recovery
trajectories, and resilience of coral assemblages on a South Central
Pacific reef. Coral Reefs, 28(3), 775–780. https://doi.org/10.1007/
s00338-009-0515-7
Adjeroud, M., Kayal, M., Iborra‐Cantonnet, C., Vercelloni, J., Bosserelle, P.,
Liao, V., … Penin, L. (2018). Recovery of coral assemblages despite acute
and recurrent disturbances on a South Central Pacific reef. Scientific
Reports, 8(1), 9680. https://doi.org/10.1038/s41598-018-27891-3
Beldade, R., Mills, S. C., Claudet, J., & Côté, I. M. (2015). More coral,
more fish? Contrasting snapshots from a remote Pacific atoll. PeerJ,
3, e745. https://doi.org/10.7717/peerj.745
Bell, J., & Galzin, R. (1984). Influence of live coral cover on coral‐reef
fish communities. Marine Ecology Progress Series, 15, 265–274. https
://doi.org/10.3354/meps015265
Bellwood, D. R., Baird, A. H., Depczynski, M., González‐Cabello, A.,
Hoey, A. S., Lefèvre, C. D., & Tanner, J. K. (2012). Coral recovery may
not herald the return of fishes on damaged coral reefs. Oecologia,
170(2), 567–573. https://doi.org/10.1007/s00442-012-2306-z
Bennett, E. M., Solan, M., Biggs, R., McPhearson, T., Norström, A. V.,
Olsson, P., … Xu, J. (2016). Bright spots: Seeds of a good Anthropocene.
Frontiers in Ecology and the Environment, 14(8), 441–448. https://doi.
org/10.1002/fee.1309
Bertucci, F., Parmentier, E., Lecellier, G., Hawkins, A. D., & Lecchini, D.
(2016). Acoustic indices provide information on the status of coral
reefs: An example from Moorea Island in the South. Pacific. Scientific
Reports, 6(1), 33326. https://doi.org/10.1038/srep33326

Berumen, M. L., & Pratchett, M. S. (2006). Recovery without resilience:
Persistent disturbance and long‐term shifts in the structure of fish
and coral communities at Tiahura Reef, Moorea. Coral Reefs, 25(4),
647–653. https://doi.org/10.1007/s00338-006-0145-2
Birkeland, C., & Lucas, J. S. (1990). Acanthaster planci: Major management
problem of coral reefs. Boca Raton, FL: CRC Press.
Boaden, A. E., & Kingsford, M. (2015). Predators drive community structure in coral reef fish assemblages. Ecosphere, 6(4), art46. https://doi.
org/10.1890/ES14-00292.1
Booth, D., & Beretta, G. (2002). Changes in a fish assemblage after a coral
bleaching event. Marine Ecology Progress Series, 245, 205–212. https
://doi.org/10.3354/meps245205
Bouchon, C. (1985). Quantitative study of scleractinian coral communities
of Tiahura reef (Moorea Island, French Polynesia). In Proc 5th Int Coral
Reef Symp (Vol. 6, pp. 279–284).
Brandl, S. J., Robbins, W. D., & Bellwood, D. R. (2015). Exploring the
nature of ecological specialization in a coral reef fish community:
Morphology, diet and foraging microhabitat use. Proceedings of the
Royal Society B: Biological Sciences, 282(1815), 20151147. https://doi.
org/10.1098/rspb.2015.1147
Bythell, J., Hillis‐Starr, Z., & Rogers, C. (2000). Local variability but landscape stability in coral reef communities following repeated hurricane impacts. Marine Ecology Progress Series, 204, 93–100. https://
doi.org/10.3354/meps20 4093
Cadotte, M. W., Cardinale, B. J., & Oakley, T. H. (2008). Evolutionary
history and the effect of biodiversity on plant productivity.
Proceedings of the National Academy of Sciences of the United
States of America, 105(44), 17012–17017. https://doi.org/10.1073/
pnas.0805962105
Cheal, A. J., Delean, S., Sweatman, H., & Thompson, A. A. (2007).
Spatial synchrony in coral reef fish populations and the influence of climate. Ecology, 88(1), 158–169. https://doi.
org/10.1890/0012-9658(2007)88[158:SSICRF ]2.0.CO;2
Duffy, J., Richardson, P. J., & France, K. E. (2005). Ecosystem consequences of diversity depend on food chain length in estuarine vegetation: Biodiversity and functioning in food webs. Ecology Letters,
8(3), 301–309. https://doi.org/10.1111/j.1461-0248.2005.00725.x
Eklof, A., & Ebenman, B. (2006). Species loss and secondary extinctions
in simple and complex model communities. Journal of Animal Ecology,
75(1), 239–246. https://doi.org/10.1111/j.1365-2656.2006.01041.x
Elmqvist, T., Folke, C., Nyström, M., Peterson, G., Bengtsson, J., Walker, B.,
& Norberg, J. (2003). Response diversity, ecosystem change, and resilience. Frontiers in Ecology and the Environment, 1(9), 488–494. https
://doi.org/10.1890/1540-9295(2003)001[0488:RDECAR]2.0.CO;2
Emslie, M., Cheal, A., Sweatman, H., & Delean, S. (2008). Recovery from
disturbance of coral and reef fish communities on the Great Barrier
Reef, Australia. Marine Ecology Progress Series, 371, 177–190. https://
doi.org/10.3354/meps07657
Fischer, J. M., Frost, T. M., & Ives, A. R. (2001). Compensatory dynamics
in zooplankton community responses to acidification: Measurements
and mechanisms. Ecological Applications, 11(4), 1060–1072. https://
doi.org/10.1890/1051-0761(2001)011[1060:CDIZCR]2.0.CO;2
Friedlander, A. M., & Parrish, J. D. (1998). Habitat characteristics affecting fish assemblages on a Hawaiian coral reef. Journal of Experimental
Marine Biology and Ecology, 224(1), 1–30. https://doi.org/10.1016/
S0022-0981(97)00164-0
Gajdzik, L., Parmentier, E., Sturaro, N., & Frédérich, B. (2016). Trophic
specializations of damselfishes are tightly associated with reef habitats and social behaviours. Marine Biology, 163(12), 249. https://doi.
org/10.1007/s00227-016-3020-x
Galzin, R. (1987). Structure of fish communities of French Polynesian
coral reefs. 11. Temporal Scales. Marine Ecology – Progress Series, 41,
137–145.
Galzin, R., Lecchini, D., Lison de Loma, T., Moritz, C., Parravicini, V., &
Siu, G. (2016). Long term monitoring of coral and fish assemblages

VIVIANI et al.

(1983–2014) in Tiahura reefs, Moorea, French Polynesia. Cybium
Revue International D’ichtyologie, 40, 1–11.
Gattuso, J.‐P., Pichon, M., Delesalle, B., & Frankignoulle, M. (1993).
Community metabolism and air‐sea C02 fluxes in a coral reef ecosystem (Moorea, French Polynesia). Marine Ecology Progress Series, 96,
259–267. https://doi.org/10.3354/meps096259
Gonzalez, A., & Loreau, M. (2009). The causes and consequences of
compensatory dynamics in ecological communities. Annual Review
of Ecology, Evolution, and Systematics, 40(1), 393–414. https://doi.
org/10.1146/annurev.ecolsys.39.110707.173349
Gouhier, T. C., & Guichard, F. (2014). Synchrony: Quantifying variability
in space and time. Methods in Ecology and Evolution, 5(6), 524–533.
https://doi.org/10.1111/2041-210X.12188
Graham, N. A., Cinner, J. E., Norström, A. V., & Nyström, M. (2014). Coral
reefs as novel ecosystems: Embracing new futures. Current Opinion
in Environmental Sustainability, 7, 9–14. https://doi.org/10.1016/j.
cosust.2013.11.023
Graham, N. A., Wilson, S. K., Jennings, S., Polunin, N. V. C., Robinson,
J., Bijoux, J. P., & Daw, T. M. (2007). Lag effects in the impacts
of mass coral bleaching on coral reef fish, fisheries, and ecosystems. Conservation Biology, 21(5), 1291–1300. https://doi.
org/10.1111/j.1523-1739.2007.00754.x
Graham, N. A., Jennings, S., MacNeil, M. A., Mouillot, D., & Wilson, S. K.
(2015). Predicting climate‐driven regime shifts versus rebound potential in coral reefs. Nature, 518(7537), 94. https://doi.org/10.1038/
nature14140
Graham, N., Nash, K., & Kool, J. (2011). Coral reef recovery dynamics in a
changing world. Coral Reefs, 30(2), 283–294.
Green, A. L., & Bellwood, D. R. (2009). Monitoring functional groups of her‐
bivorous reef fishes as indicators of coral reef resilience: A practical guide
for coral reef managers in the Asia Pacific Region. Gland, Switzerland:
IUCN.
Han, X., Adam, T. C., Schmitt, R. J., Brooks, A. J., & Holbrook, S. J. (2016).
Response of herbivore functional groups to sequential perturbations
in Moorea, French Polynesia. Coral Reefs, 35(3), 999–1009. https://
doi.org/10.1007/s00338-016-1423-2
Harmelin‐Vivien, M. L. (1994). The effects of storms and cyclones on
coral reefs: A review. Journal of Coastal Research, 211–231.
Hill, J., & Wilkinson, C. (2004). Methods for ecological monitoring of coral
reefs: Version 1. Townsville, Australia: Australian Institute of Marine
Science.
Hillebrand, H., & Matthiessen, B. (2009). Biodiversity in a complex world:
Consolidation and progress in functional biodiversity research:
Consolidation and progress in BDEF research. Ecology Letters, 12(12),
1405–1419. https://doi.org/10.1111/j.1461-0248.2009.01388.x
Hoegh‐Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S.,
Greenfield, P., Gomez, E., … Hatziolos, M. E. (2007). Coral reefs under
rapid climate change and ocean acidification. Science, 318(5857),
1737–1742. https://doi.org/10.1126/science.1152509
Hoegh‐Guldberg, O. (1999). Climate change, coral bleaching and the future of the world’s coral reefs. Marine and Freshwater Research, 50(8),
839. https://doi.org/10.1071/MF99078
Holbrook, S. J., Schmitt, R. J., & Brooks, A. J. (2008). Resistance and resilience of a coral reef fish community to changes in coral cover. Marine
Ecology Progress Series, 371, 263–271.
Holling, C. S. (1973). Resilience and stability of ecological systems.
Annual Review of Ecology and Systematics, 4(1), 1–23. https://doi.
org/10.1146/annurev.es.04.110173.000245
Holmlund, C. M., & Hammer, M. (1999). Ecosystem services generated
by fish populations. Ecological Economics, 29(2), 253–268. https://doi.
org/10.1016/S0921-8009(99)00015-4
Hughes, T. P., Rodrigues, M. J., Bellwood, D. R., Ceccarelli, D., Hoegh‐
Guldberg, O., McCook, L., … Willis, B. (2007). Phase shifts, herbivory,
and the resilience of coral reefs to climate change. Current Biology,
17(4), 360–365. https://doi.org/10.1016/j.cub.2006.12.049

|

11

Hughes, T. P., Barnes, M. L., Bellwood, D. R., Cinner, J. E., Cumming,
G. S., Jackson, J. B. C., … Scheffer, M. (2017). Coral reefs in the
Anthropocene. Nature, 546(7656), 82–90. https://doi.org/10.1038/
nature22901
Irons, D. K. (1989). Temporal and areal feeding behavior of the butterflyfish, Chaetodon trifascialis, at Johnston Atoll. Environmental Biology
of Fishes, 25(1–3), 187–193. https://doi.org/10.1007/BF00002211
Johns, K., Osborne, K., & Logan, M. (2014). Contrasting rates of coral
recovery and reassembly in coral communities on the Great
Barrier Reef. Coral Reefs, 33(3), 553–563. https://doi.org/10.1007/
s00338-014-1148-z
Jones, G. P., McCormick, M. I., Srinivasan, M., & Eagle, J. V. (2004). Coral
decline threatens fish biodiversity in marine reserves. Proceedings
of the National Academy of Sciences of the United States of America,
101(21), 8251–8253. https://doi.org/10.1073/pnas.0401277101
Komyakova, V., Munday, P. L., & Jones, G. P. (2013). Relative importance
of coral cover, habitat complexity and diversity in determining the
structure of reef fish communities. PLoS ONE, 8(12), e83178. https://
doi.org/10.1371/journal.pone.0083178
Lamy, T., Galzin, R., Kulbicki, M., Lison de Loma, T., & Claudet, J. (2016).
Three decades of recurrent declines and recoveries in corals belie
ongoing change in fish assemblages. Coral Reefs, 35(1), 293–302.
https://doi.org/10.1007/s00338-015-1371-2
Lamy, T., Legendre, P., Chancerelle, Y., Siu, G., & Claudet, J. (2015).
Understanding the spatio‐temporal response of coral reef fish communities to natural disturbances: insights from beta‐diversity decomposition. PLoS ONE, 10(9), e0138696. https://doi.org/10.1371/
journal.pone.0138696
Legendre, P., Galzin, R., & Harmelin‐Vivien, M. L. (1997). Relating behavior
to habitat: solutions to the fourth‐corner problem. Ecology, 78(2), 547–
562.
https://doi.org/10.1890/0012-9658(1997)078[0547:RBTHS
T]2.0.CO;2
Loreau, M. (2001). Biodiversity and ecosystem functioning: current
knowledge and future challenges. Science, 294(5543), 804–808.
https://doi.org/10.1126/science.1064088
Loreau, M., & de Mazancourt, C. (2008). Species synchrony and its drivers: neutral and nonneutral community dynamics in fluctuating environments. The American Naturalist, 172(2), E48–E66. https://doi.
org/10.1086/589746
MacNeil, M. A., Graham, N. A. J., Cinner, J. E., Wilson, S. K., Williams, I.
D., Maina, J., … McClanahan, T. R. (2015). Recovery potential of the
world’s coral reef fishes. Nature, 520(7547), 341–344. https://doi.
org/10.1038/nature14358
Martin, A., Moritz, C., Siu, G., & Galzin, R. (2016). Acanthuridae and
Scarinae: Drivers of the Resilience of a Polynesian Coral Reef. In I.
Rojas, H. Pomares, & O. Valenzuela (Eds.), Advances in time series anal‐
ysis and forecasting: Selected contributions from ITISE 2016 (pp. 19–34).
Cham, Switzerland: Springer Nature.
McClanahan, T. R., & Graham, N. A. J. (2015). Marine reserve recovery rates towards a baseline are slower for reef fish community life histories than biomass. Proceedings of the Royal Society B:
Biological Sciences, 282(1821), 20151938. https://doi.org/10.1098/
rspb.2015.1938
McCook, L., Jompa, J., & Diaz‐Pulido, G. (2001). Competition between
corals and algae on coral reefs: A review of evidence and mechanisms. Coral Reefs, 19(4), 400–417. https://doi.org/10.1007/s0033
80000129
McCune, B., Grace, J. B., & Urban, D. L. (2002). Analysis of ecological com‐
munities (2nd ed.). Gleneden Beach, OR: MjM Software Design.
Mcgill, B., Enquist, B., Weiher, E., & Westoby, M. (2006). Rebuilding community ecology from functional traits. Trends in Ecology and Evolution,
21(4), 178–185. https://doi.org/10.1016/j.tree.2006.02.002
Mellin, C., Bradshaw, C. J. A., Fordham, D. A., & Caley, M. J. (2014).
Strong but opposing ‐diversity‐stability relationships in coral reef
fish communities. Proceedings of the Royal Society B: Biological

12

|

Sciences, 281(1777), 20131993–20131993. https://doi.org/10.1098/
rspb.2013.1993
Mellin, C., MacNeil, M. A., Cheal, A. J., Emslie, M. J., & Caley, M. J. (2016).
Marine protected areas increase resilience among coral reef communities. Ecology Letters, 19(6), 629–637. https://doi.org/10.1111/
ele.12598
Moberg, F., & Folke, C. (1999). Ecological goods and services of coral
reef ecosystems. Ecological Economics, 29(2), 215–233. https://doi.
org/10.1016/S0921-8009(99)00009-9
Mori, A. S., Furukawa, T., & Sasaki, T. (2013). Response diversity determines the resilience of ecosystems to environmental change:
Response diversity and ecosystem resilience. Biological Reviews,
88(2), 349–364. https://doi.org/10.1111/brv.12004
Moritz, C., Vii, J., Lee Long, W., Tamelander, J., Thomassin, A., & Planes,
S.. (2018). Status and Tends of Coral Reefs of the Pacific. Global Coral
Reef Monitoring Network.
Nash, K. L., Graham, N. A. J., Jennings, S., Wilson, S. K., & Bellwood, D.
R. (2016). Herbivore cross‐scale redundancy supports response diversity and promotes coral reef resilience. Journal of Applied Ecology,
53(3), 646–655. https://doi.org/10.1111/1365-2664.12430
Oksanen, J., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O’Hara, R.,
& Wagner, H. (2016). Vegan: Community ecology package. software.
Pedersen, E. J., Thompson, P. L., Ball, R. A., Fortin, M.‐J., Gouhier, T. C.,
Link, H., … Pepin, P. (2017). Signatures of the collapse and incipient
recovery of an overexploited marine ecosystem. Royal Society Open
Science, 4(7), 170215. https://doi.org/10.1098/rsos.170215
Pratchett, M. S., Hoey, A. S., Wilson, S. K., Messmer, V., & Graham, N.
A. J. (2011). Changes in biodiversity and functioning of reef fish assemblages following coral bleaching and coral loss. Diversity, 3(4),
424–452. https://doi.org/10.3390/d3030424
Reich, P. B., Tilman, D., Isbell, F., Mueller, K., Hobbie, S. E., Flynn, D. F. B.,
& Eisenhauer, N. (2012). Impacts of biodiversity loss escalate through
time as redundancy fades. Science, 336(6081), 589–592. https://doi.
org/10.1126/science.1217909
Robertson, D. R., Polunin, N. V. C., & Leighton, K. (1979). The behavioral
ecology of three Indian Ocean surgeonfishes (Acanthurus lineatus,
A. leucosternon and Zebrasoma scopas): Their feeding strategies,
and social and mating systems. Environmental Biology of Fishes, 4(2),
125–170. https://doi.org/10.1007/BF00005448
Salvat, B., Richard, G., Salvat, F., Berigaud, R., Antoine, L., Berigaud, M.,
& Plessis, Y. (1972). Moorea‐Tiahura: Etude des peuplements du lagon et
du récif. Perpignan, France: Ecole Pratique des Hautes Etudes.
Szmant, A. M. (2002). Nutrient enrichment on coral reefs: Is it a major
cause of coral reef decline? Estuaries, 25(4), 743–766. https://doi.
org/10.1007/BF0280 4903
Team, R. C. (2017). R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing.
Thibaut, L. M., Connolly, S. R., & Sweatman, H. P. A. (2012). Diversity and
stability of herbivorous fishes on coral reefs. Ecology, 93(4), 891–901.
https://doi.org/10.1890/11-1753.1
Ushio, M., Hsieh, C., Masuda, R., Deyle, E. R., Ye, H., Chang, C.‐W., …
Kondoh, M. (2018). Fluctuating interaction network and time‐varying stability of a natural fish community. Nature, 554(7692), 360.
Valdivia, N., Golléty, C., Migné, A., Davoult, D., & Molis, M. (2012).
Stressed but stable: Canopy loss decreased species synchrony and
metabolic variability in an intertidal hard‐bottom community. PLoS
ONE, 7(5), e36541. https://doi.org/10.1371/journal.pone.0036541
Walker, B. (1981). Is succession a viable concept in African savanna ecosys‐
tems? Forest succession (pp. 431–447). New York, NY: Springer.
Walker, B. H. (1992). Biodiversity and Ecological Redundancy. Conservation
Biology, 6(1), 18–23. https://doi.org/10.1046/j.1523-1739.1992.610018.x
Wilkinson, C., Nowak, M., Miller, I., & Baker, V. (2013). Status of Caribbean
coral reefs in seven countries in 1986. Marine Pollution Bulletin, 70(1–
2), 7–9. https://doi.org/10.1016/j.marpolbul.2013.02.040

VIVIANI et al.

Williamson, D. H., Ceccarelli, D. M., Evans, R. D., Jones, G. P., & Russ, G.
R. (2014). Habitat dynamics, marine reserve status, and the decline
and recovery of coral reef fish communities. Ecology and Evolution,
4(4), 337–354. https://doi.org/10.1002/ece3.934
Wilson, S. K., Fisher, R., Pratchett, M. S., Graham, N. A. J., Dulvy, N.
K., Turner, R. A., … Rushton, S. P. (2008). Exploitation and habitat degradation as agents of change within coral reef fish communities. Global Change Biology, 14(12), 2796–2809. https://doi.
org/10.1111/j.1365-2486.2008.01696.x
Wilson, S. K., Graham, N. A., Fisher, R., Robinson, J., Nash, K., Chong‐
Seng, K., … Quatre, R. (2012). Effect of macroalgal expansion and
marine protected areas on coral recovery following a climatic
disturbance. Conservation Biology, 26(6), 995–1004. https://doi.
org/10.1111/j.1523-1739.2012.01926.x
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(11),
2220–2234. https://doi.org/10.1111/j.1365-2486.2006.01252.x
Yachi, S., & Loreau, M. (1999). Biodiversity and ecosystem productivity in
a fluctuating environment: The insurance hypothesis. Proceedings of
the National Academy of Sciences of the United States of America, 96(4),
1463–1468. https://doi.org/10.1073/pnas.96.4.1463

B I O S K E TC H
This study was born from an extensive fieldwork aimed at investigating the diversity of parrotfish trophic affinities by focusing on
their dentition, behavior and diet, which is the doctoral issue of
J.V. The present collaborative work between the team "Evolution
of vertebrate dentition" at the Institute of Functional Genomics
of Lyon and the Center for Insular Researches and Observatory
for the Environment of Moorea led to this more integrative study,
which tackles the fields of coral reef ecology and conservation
biology.
Author contributions: C.M. is a quantitative ecologist and ecological modeller interested in the spatio‐temporal patterns of coral
reef organisms. J.V., C.M., L.V., V.P., D.L. and R.G. designed the
study. R.G. and G.S. collected the data. J.V. and C.M. conducted
the analyses. J.V. and C.M. wrote the article. All authors contributed to manuscript editing.

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Viviani J, Moritz C, Parravicini V, et
al. Synchrony patterns reveal different degrees of trophic
guild vulnerability after disturbances in a coral reef fish
community. Divers Distrib. 2019;00:1–12. https://doi.
org/10.1111/ddi.12931

