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A B S T R A C T

Many anemone and anemonefish populations have been depleted by environmental disturbance and over-
fishing. However, little is known about recovery potential of these populations, limiting the ability of resource
managers to optimise recovery strategies. Depleted populations of multiple anemone and anemonefish species
were monitored for ten years after commencement of a species-specific fishing moratorium at the Keppel Islands
(Australia), which have recently been impacted by several environmental disturbances including flooding, mass
bleaching and a cyclone. Although the moratorium was found to have positive effects on populations of
Entacmaea quadricolor (anemone) and Amphiprion melanopus (anemonefish), rates of recovery were very slow,
potentially due to Allee effects (depensation), reduced habitat quality, and (or) demographic constraints asso-
ciated with obligate mutualism. Contemporary densities of E. quadricolor and A. melanopus appeared to be much
lower than historical densities, suggesting that ten years without fishing was insufficient to facilitate population
recovery in an era punctuated by environmental disturbances. Anemone and anemonefish species that were
excluded from the moratorium either declined slightly in density (Amphiprion akindynos) or became so rare that
they were not seen again during later surveys (Heteractis crispa and Amphiprion clarkii). We conclude that ane-
mone and anemonefish populations can only support relatively light fishing pressure and likely require extended
timeframes to recover from over-exploitation and disturbance. Strong precautionary management, including
harvest limits with broad safety margins as insurance against future environmental disturbances, is therefore
warranted.

1. Introduction

Despite short-term costs of reduced fishing, rebuilding depleted fish
stocks is ultimately beneficial for both fisheries and conservation be-
cause it increases long-term catches, improves revenues, and relieves
pressure on wild populations and associated ecosystems (Worm et al.,
2009; Ye et al., 2013). Many developed countries (including Australia)
recognize these benefits and mandate recovery of depleted fish stocks in
fisheries legislation (Safina et al., 2005; Ye et al., 2013). If a stock is
deemed depleted (i.e., abundance is substantially below historical le-
vels), then fishery managers are legally obliged to reduce fishing mor-
tality via implementation of management controls such as quota re-
ductions, fishing moratoria and marine reserves. It is imperative to
understand the recovery potential of depleted populations, including

the duration required for stock recovery, to inform these management
actions and to guide fisher expectations.

Multiple theoretical models predict that the vast majority of the
world’s depleted fish stocks should recover to levels that support
maximum sustainable yield (MSY) in less than a decade if fishing
mortality is sufficiently reduced (Safina et al., 2005; Neubauer et al.,
2013; Costello et al., 2016). In many cases, however, management
controls have failed to restore depleted fish stocks to target levels
within expected timeframes (Neubauer et al., 2013). This outcome
suggests that some depleted stocks are negatively affected by processes
other than fishing, such as environmental degradation and Allee effects
(Kuparinen et al., 2014). For this reason, it remains unclear whether
recoveries are predictable and whether even the strongest management
controls, such as fishing moratoria, are sufficient to rebuild some fish
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stocks.
Thirty species of anemonefishes (Amphiprion and Premnas) form

mutualistic (cooperative) partnerships with ten species of sea anemones
(Order Actiniaria) on coral reefs of the Indo-Pacific region (Fautin and
Allen, 1997). For some partners, such as cinnamon anemonefish (Am-
phiprion melanopus) and bubble-tip anemone (Entacmaea quadricolor),
the mutualism is obligate and demographically rigid. That is, both
partners are highly dependent on each other for protection from pre-
dators, such that the size and abundance of each partner is strongly
influenced by the size and abundance of the other partner (Godwin and
Fautin, 1992; Frisch et al., 2016). Anemones also form mutualistic
partnerships with photosynthetic micro-algae (Symbiodiniaceae) and
thus are susceptible to bleaching (whitening), which is a potentially
fatal symptom of environmental stress, including global warming
(Hobbs et al., 2013; Scott and Hoey, 2017). A consequence of this
complex network of mutualisms is that any one of a broad range of
direct (e.g., fishing) or indirect factors (e.g., climate-induced dis-
turbance) may rapidly deplete, and prolong or prevent recovery of,
anemone and anemonefish populations (Frisch et al., 2016).

Anemones and anemonefishes are major components of the global
marine ornamentals trade and are heavily exploited on many Indo-
Pacific reefs (Shuman et al., 2005; Fujita et al., 2014). Indeed, a
growing body of evidence suggests that many wild populations of an-
emones and anemonefishes have been depleted due to over-fishing and
(or) bleaching, and thus are in urgent need of effective management
interventions to halt further population declines and facilitate recovery
(Hattori, 2002; Shuman et al., 2005; Jones et al., 2008; Madduppa
et al., 2014; Thomas et al., 2015; Scott and Hoey, 2017). Despite this,
little is presently known about recovery potential of anemone and an-
emonefish populations (Scott et al., 2011), which limits the ability of
decision-makers to navigate management trade-offs and to direct con-
servation efforts. In this study, we investigate recovery potential of
anemone and anemonefish populations at the Keppel Islands (Aus-
tralia), where severe population declines prior to 2007 prompted a
species-specific fishing moratorium from 2008 onwards.

2. Materials and methods

2.1. Location and fishery

The Keppel Islands are a group of 18 nearshore islands located at the
southern end of the Great Barrier Reef (Fig. 1). Some of the islands
support well-developed fringing reefs with a moderate diversity and
high cover of hard corals (Jones et al., 2011), along with two species of
anemone (Entacmaea quadricolor and Heteractis crispa) and three species
of anemonefish (Amphiprion melanopus, Amphiprion akindynos, Amphi-
prion clarkii). The most common species combination at the Keppel Is-
lands is E. quadricolor and A. melanopus, since these partners can form
large colonies of> 100 polyps and>20 fish (Frisch and Hobbs, 2009).
Anecdotal observations by long-term commercial fishers and logbook
records of recreational SCUBA divers from the 1980s and 1990s in-
dicate that anemones and anemonefishes were historically abundant at
the Keppel Islands (pers. comm., B. Hose and K. Logan; Frisch and
Hobbs, 2009). By Australian standards, the Keppel Islands are subject to
relatively high rates of human use, particularly from tourism and
fisheries. Commercial fishing (‘collecting’) of ornamental species, in-
cluding anemones and anemonefishes, has been ongoing in the region
since 1970 or earlier. Although there have never been catch limits for
anemones and anemonefishes, several no-take reserves (which now
cover 28% of local fringing reefs) were implemented in 1987 and 2004
as a form of precautionary management (Fig. 1). Commercial catch data
are reported using logbooks to the state government’s Department of
Agriculture and Fisheries (DAF), but due to the small number of com-
mercial operators in the region (eight), confidentiality agreements
prevent access to the data (pers. comm., DAF).

Due to the shallow bathymetry of Keppel Bay (< 20m water depth)

and its proximity to the Fitzroy River delta (˜30 km away), local reefs
are susceptible to elevated water temperature and hyposaline flooding
(van Woesik et al., 1995; Jones and Berkelmans, 2014). In the past 30
years, reefs at Keppel Islands have experienced three major floods
(1991, 2011, 2013), one severe (2006) and several minor (1998, 2002,
2016) heat-related mass bleachings, and a severe tropical cyclone
(2015). Some of these disturbances resulted in 40–100% mortality of
shallow-water (< 5m) corals (van Woesik et al., 1995; Diaz-Pulido
et al., 2009; Jones and Berkelmans, 2014), substantial declines in the
densities of a broad range of reef fishes (Williamson et al., 2014), and
an unknown but potentially high mortality of anemones and anemo-
nefishes. In 2006, concerns were raised by local stakeholders about
perceived declines of anemone and anemonefish populations, and steep
declines of catch per unit effort (CPUE) were evident in commercial
fishery logbooks (Jones et al., 2008). Late in 2007, an independent
assessment confirmed that anemone and anemonefish populations at
the Keppel Islands were indeed depleted, and although collecting and
bleaching were the likely causes, it was not possible to unequivocally
attribute causality (Frisch and Hobbs, 2009). Regardless, commercial
fishers recognized the need to rebuild anemone and anemonefish po-
pulations and voluntarily introduced a species-specific fishing mor-
atorium in January 2008, which was ongoing as of 2018 (pers. comm.,
commercial fishers). The moratorium applied to A. melanopus and E.
quadricolor, but not to A. akindynos, A. clarkii and H. crispa. Accord-
ingly, we regarded A. akindynos as a ‘control’ by which to evaluate
effects of the moratorium on A. melanopus. Neither A. clarkii nor H.
crispa could be used as controls because observed densities were too low
(see Results, below). Therefore, we used percent live coral cover (from
Williamson et al. [2014], and unpublished) as a qualitative control for
the effects of disturbance, which enabled us to evaluate effects of the
moratorium on E. quadricolor. In all cases, percent live coral cover was
estimated by standard line-intercept method (50m transects, 1 m in-
tervals, five transects per site), as described by Williamson et al. (2014).

2.2. Survey sites

Underwater visual surveys (transects) were undertaken at 46 sites
that were widely distributed across the Keppel Islands, thereby en-
compassing a broad range of reef types, disturbance regimes and
management zones (reserve or non-reserve; Fig. 1). Previous studies of
disturbance at the Keppel Islands show that mortality rates of corals are
strongly related to local geomorphological characteristics such as water
depth, water turbulence, slope of reef, geographic orientation (in re-
lation to prevailing winds), and distance to the Fitzroy River delta (van
Woesik et al., 1995; Diaz-Pulido et al., 2009; Jones and Berkelmans,
2014). Accordingly, these geomorphological characteristics were used
to categorize each of the 46 sites as ‘low’ or ‘high’ in terms of sus-
ceptibility to each of three types of disturbance (bleaching, flooding,
cyclone) (Table 1, Appendix A). In general, survey sites categorized as
‘low’ and ‘high’ susceptibility tend to experience coral mortality rates
of< 40% and>40%, respectively, after severe disturbance (van
Woesik et al., 1995; Diaz-Pulido et al., 2009; Jones and Berkelmans,
2014).

All survey sites were spatially fixed (with a GPS coordinate) to en-
able repeated observation of the same reefs through time. Water depth
at each site was nominally set at 3, 7 or 15m (below mean sea level)
and these depth strata were sampled in proportion to their availability
across the Keppel Islands. This range of depths encompassed the ma-
jority of anemone and anemonefish habitat (Fautin and Allen, 1997) as
well as the majority of commercial fishing activity at the Keppel Islands
(pers. comm., commercial fishers). Due to the dispersed nature of an-
emone and anemonefish colonies (and the associated need to avoid
excessive zeros in survey data), underwater transects were necessarily
large (see below for estimates of transect size). Therefore, to avoid
overlap (and to ensure statistical independence) of transects, only one
transect could be undertaken at each site.
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2.3. Underwater surveys

A SCUBA diver swam slowly (˜14m.min−1) for 30min along the
nominated depth contour, recording size and number of anemones and
anemonefishes that were within 2.5m of the diver (5m transect width).
A flexible tape was used to periodically check transect width, and a GPS
unit was towed at the surface to enable calculation of survey area
(mean transect length=548 ± 11m; mean transect
area= 2737 ± 55m2,± SE). Total counts of anemones and anemo-
nefishes were standardized to units of density (ha−1) and total popu-
lation sizes were estimated as the product of density and reef area,
which was measured by tracing the outline of coral reef on high-re-
solution satellite images obtained from Google Earth. Visual estimates

of anemonefish body size (total length, Lt) were converted to biomass
(B) via length-weight conversion formulae (Frisch et al., 2016). For
anemones, polyp size (oral disc area, ODA) was calculated using the
formula:

ODA = Lmax × W × Π ÷ 4

where Lmax andW are the maximum length and perpendicular width of
the oral disc respectively, as measured with a flexible tape (Kobayashi
and Hattori, 2006; Frisch et al., 2016). The ODA of ten haphazardly-
selected anemones was measured as a representative sample if the
number of anemones in a colony was large. Anemone aggregate area
was then calculated as the sum of the ODAs of constituent anemones or,
for large colonies, the product of mean ODA and the number of

Fig. 1. Map of Keppel Islands, Australia. Shaded areas are no-fishing reserves (reserve age in years [as of 2017] is shown in parentheses). Black circles show survey sites
with>1 anemone and anemonefish in any one year and black triangles show survey sites with ≤1 anemone and anemonefish in all years (these data were excluded
from statistical analyses). Numerals refer to site numbers, as per Appendix A (Supplementary data).

Table 1
List of geomorphological characteristics that were used to categorize survey sites as low or high susceptibility to disturbance (see van Woesik et al., 1995; Diaz-
Pulido et al., 2009; Jones and Berkelmans, 2014). See Appendix A (Supplementary data) for a list of survey sites and corresponding biophysical descriptors.

Type of disturbance Susceptibility to disturbance Geomorphological characteristics of survey site

Bleaching Low Deep water (> 7m); steep reef slope; high water turbulence
High Shallow water (< 7m); gentle reef slope; low water turbulence

Flooding Low Far from Fitzroy River delta; deep water; northerly orientation
High Close to Fitzroy River delta; shallow water; southerly orientation

Cyclone Low Westerly orientation; deep water
High Easterly orientation; shallow water
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anemones in the colony. To avoid bias caused by diurnal expansion
behavior of anemones, all measurements of ODA were performed on
calm, sunny days between 0800 and 1700 h. Each site was surveyed in
October 2007 (3months prior to the moratorium), December 2011 (4 yr
into the moratorium), and December 2017 (10 yr into the moratorium).
Lastly, to gauge the density of anemones and anemonefishes at the
Keppel Islands relative to other Indo-Pacific locations, we compiled and
compared density estimates of relevant species from the published lit-
erature.

2.4. Statistical analysis

Sites with ≤1 anemone and ≤1 anemonefish (across all years) were
excluded from statistical analysis to avoid excessive zeroes.
Anemonefish density and biomass were then analysed by two-way,
repeated-measures, analysis of variance (RM-ANOVA) with species and
time (year) as factors. Anemone density and aggregate area were ana-
lysed by one-way RM-ANOVA, since no interspecific controls were
available and coral cover data could only be used in a qualitative
context (see above). To reduce potential for spatial confounding, se-
parate RM-ANOVA were performed for reserve and non-reserve sites. In
all cases, the assumption of sphericity was checked with Mauchly’s test
and, where appropriate, the Greenhouse-Geisser correction was ap-
plied. If results were statistically significant, differences between groups
were resolved either by one-way ANOVA and Tukey’s tests, or by
Kruskal-Wallis tests if the data were non-parametric (Bonferroni’s cor-
rection was used to ensure constant familywise probability of Type I
error). All RM-ANOVA were executed in R using the car package (Fox
and Sanford, 2011).

To identify potential factors that influence anemonefish biomass
and anemone aggregate area, we incorporated reserve age, water depth,
bleaching status, flood exposure and cyclone exposure (as per Appendix
A) into linear mixed-effects models (LMM), with time (year) as a
random factor. Non-reserves were assigned an age of zero. LMM ana-
lyses were conducted in R using the package lmerTest (Kuznetsova et al.,
2017) and residual plots were used to assess model fit.

3. Results

Despite surveying a large area of reef each year
(113,000–139,000m2.yr−1, or 12–14% of total reef area), only 18 of
the 46 sites were found to have>1 anemone or anemonefish in any
one year. From 2007–2017, estimated population sizes of A. melanopus
and E. quadricolor were in the range of 499–1298 and 11,501–15,734
respectively (Table 2). Therefore, anemone and anemonefish popula-
tions at the Keppel Islands were consistently small for a commercially
fished species, regardless of year. Remarkably, only five individuals
each of A. clarkii and H. crispa (ongoing fishing) were observed in 2007,
but zero individuals of these species were observed in 2011 and 2017.
Thus, A. clarkii and H. crispa are now either extremely rare or locally
extinct at the Keppel Islands.

At selected non-reserve sites, mean density and biomass of A. mel-
anopus (moratorium) increased approximately five-fold over 10 yr
(Fig. 2a, b), but mean density and biomass of A. akindynos (ongoing
fishing) decreased slightly during the same period (Fig. 2a, b; Table 3).
At selected reserve sites, mean density and biomass of both A.

melanopus and A. akindynos remained unchanged (Fig. 2c, d). With
regard to E. quadricolor, mean density doubled and aggregate area
quadrupled at selected non-reserve sites over 10 yr (Fig. 3a, b) but both
parameters remained unchanged at reserve sites during the same period
(Fig. 3c, d; Table 3). Together, these results strongly indicate that the
fishing moratorium removed a substantial source of mortality from
populations of A. melanopus and E. quadricolor.

From 2007 onwards, live coral cover (a proxy of anemone habitat
quality) declined significantly across the Keppel Islands (Fig. 3a, c;
Table 3), indicating that factors other than fishing (e.g., disturbance)
could be affecting anemone (and thus, anemonefish) populations.
However, our cursory LMM analyses did not detect any significant ef-
fects of bleaching, flooding and cyclones on anemone and anemonefish
populations (Fig. 4, Table 4). Instead, anemone and anemonefish po-
pulations were significantly correlated with water depth (i.e., more and
[or] larger individuals at 15m relative to 7 and 3m) and reserve age
(i.e., more and [or] larger individuals in ‘old’ reserves relative to
‘young’ reserves and non-reserves).

In comparison to other Indo-Pacific locations, densities of all ane-
mone and anemonefish species (including A. melanopus and E. quad-
ricolor) at the Keppel Islands were consistently ranked at or toward the
lower end of the density spectrum, both before (2007) and 10 yr into
(2017) the moratorium (Table 5). These results not only support the
notion that anemone and anemonefish populations were severely de-
pleted prior to 2007, but also indicate that the statistically significant
population increases we observed during the subsequent 10-yr period
(Figs. 2 and 3) were relatively small.

4. Discussion

Our results demonstrate that the fishing moratorium had positive
effects on A. melanopus and E. quadricolor – their densities increased by
400% and 153% respectively at selected non-reserve sites. However,
due to extraordinarily low pre-moratorium densities across the whole
Keppel Islands, the accumulation of individuals from 2007 to 2017
involved just 790 ± 508 A. melanopus and 4233 ± 9655 E. quadricolor
(± SE; Table 2). Furthermore, overall densities of A. melanopus and E.
quadricolor in both 2007 and 2017 were consistently low relative to
other Indo-Pacific locations (Table 5). Therefore, in absolute terms, the
observed increases in A. melanopus and E. quadricolor populations were
not only very small, but were also potentially insignificant in broader
ecological and fisheries contexts (i.e., A. melanopus and E. quadricolor
remain rare and unable to sustain a commercial fishery at the Keppel
Islands).

Whilst it is promising that non-reserve density of A. melanopus in-
creased during the moratorium, the rate of increase was remarkably
slow (˜18% yr−1) compared to post-protection increases of other reef
fishes, which are often in the range of 30–110% yr−1 (Roberts, 1995;
Russ et al., 2008; see also Scott et al., 2011). At least three potential
phenomena may explain this result. Firstly, the Keppel Islands have
experienced multiple disturbances since 2007, including bleaching,
flooding and a cyclone (Jones and Berkelmans, 2014; Kennedy et al.,
2018), which likely reduced anemone populations and, thus, the
availability of suitable habitat for anemonefishes (Hobbs et al., 2013;
Scott and Hoey, 2017). Although our cursory LMM analyses (Fig. 4,
Table 4) could not detect any specific effect of bleaching, flooding or

Table 2
Estimated densities and population sizes (± SE) of Amphiprion melanopus and Entacmaea quadricolor across the whole Keppel Islands (all sites combined).

Year Survey area (ha) No. of occupied sites* A. melanopus density (ha−1) A. melanopus population size E. quadricolor density (ha−1) E. quadricolor population size

2007 13.9 11 6.2 ± 3.5 499 ± 277 121.0 ± 77.2 11,501 ± 7333
2011 11.3 16 6.9 ± 2.6 554 ± 208 84.4 ± 41.5 8020 ± 3939
2017 12.5 18 16.1 ± 5.3 1289 ± 426 165.6 ± 66.1 15,734 ± 6281

* Cumulative number of sites with> 1 anemone or anemonefish of any species.
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cyclones on anemone and anemonefish populations (perhaps due to
high variability or low statistical power), substantial declines in live
coral cover between 2007 and 2017 (Fig. 3) strongly suggest that
overall quality of benthic habitat did decline. It is also noteworthy that
the highest densities of anemones and anemonefishes occurred in
deeper water (15m; Table 4), which is typically the least affected by
bleaching, flooding and cyclones (van Woesik et al., 1995; Jones and
Berkelmans, 2014). Secondly, the very low density of A. melanopus may
drive depensatory Allee effects such as reduced capacity to find mating
partners and impaired defence of host anemones (Kuparinen et al.,
2014; Frisch et al., 2016). Thirdly, growth and reproduction of A.
melanopus individuals is strongly constrained by growth and re-
production of host anemones (Frisch et al., 2016), as well as by growth
of conspecific colony members (Buston, 2003), which together inhibit
the rate of increase of A. melanopus. Therefore, slow growth of A.
melanopus should always be expected, even in the absence of dis-
turbance. The strong dependence of A. melanopus on E. quadricolor also
highlights the need for anemones and anemonefishes to be managed
together as a unit, rather than as single species, which is the traditional
approach to fisheries management.

Estimated population sizes of A. melanopus and E. quadricolor at the
Keppel Islands in the year 2017 were just 1289 ± 426 and
15,734 ± 6281 respectively (± SE; Table 2). It seems highly unlikely
that these small contemporary populations could sustain a commercial
fishery and generate observations and catches that are consistent with
historical accounts of anemone and anemonefish abundances at the
Keppel Islands (see Material and Methods, above; Jones et al., 2008;
Frisch and Hobbs, 2009). Furthermore, effective population size
(number of breeding individuals) of A. melanopus at the Keppel Islands
was recently estimated via genetic parentage analyses to be 745 (Bonin
et al., 2016), indicating that the local metapopulation warrants classi-
fication as ‘vulnerable’ under criteria established by the International
Union for Conservation of Nature (i.e., IUCN criterion VU-D1). The
most parsimonious explanation for these multiple, yet consistent lines
of evidence is that populations of anemones and anemonefishes at the
Keppel Islands have not recovered to historical levels and thus remain
in a depleted state.

For the vast majority of the world’s fisheries, 3 yr of zero fishing
mortality (ZFM) typically facilitates substantial and rapid increases in
stock abundances (Roberts, 1995; Richards and Rago, 1999; Russ et al.,

Fig. 2. Mean (± SE) densities and biomasses of anemonefishes at selected non-reserve (a, b) and reserve sites (c, d) as functions of time (year). Sample sizes of non-
reserve and reserve sites used in the analyses were 11 and 7, respectively. Letters denote homogeneous sub-groups (p < 0.05; see Table 3 for results of statistical
tests). Arrows indicate when the moratorium on collecting A. melanopus commenced (January 2008).
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Table 3
Results of repeated-measures, analysis of variance (RM-ANOVA). Statistically significant results (p < 0.05) are highlighted in bold.

Variable Factor F ratio Degrees of freedom Probability Figure no.

Anemonefish density at non-reserve sites Species 14.77 1, 10 <0.01 2a
Time 3.88 1, 12a 0.07 2a
Interaction 4.64 1, 12a 0.04 2a

Anemonefish biomass at non-reserve sites Species 13.93 1, 10 <0.01 2b
Time 4.85 1, 13a 0.04 2b
Interaction 5.86 1, 12a 0.03 2b

Anemonefish density at reserve sites Species 0.93 1, 6 0.37 2c
Time 0.24 2, 12 0.79 2c
Interaction 0.66 2, 12 0.53 2c

Anemonefish biomass at reserve sites Species 1.93 1, 6 0.21 2d
Time 0.31 2, 12 0.74 2d
Interaction 0.03 2, 12 0.97 2d

Anemone density at non-reserve sites Time 3.34 2, 20 0.06 3a
Anemone aggregate area at non-reserve sites Time 4.79 1, 12a 0.04 3b
Anemone density at reserve sites Time 0.47 2, 12 0.64 3c
Anemone aggregate area at reserve sites Time 0.87 2, 12 0.45 3d
Live coral cover at non-reserve sites b Time 4.71 1, 98a 0.02 3a, b
Live coral cover at reserve sites b Time 11.04 2, 98 <0.001 3c, d

a After Greenhouse-Geisser correction for non-sphericity.
b Data from Williamson et al. (2014 and unpublished).

Fig. 3. Mean (± SE) densities and aggregate areas of anemones (primary y-axes) and live coral cover (secondary y-axes) at selected non-reserve (a, b) and reserve
sites (c, d) as functions of time (year). Sample sizes of non-reserve and reserve sites used in the analyses were 11 and 7, respectively. Letters denote homogeneous sub-
groups within each variable (p < 0.05; see Table 3 for results of statistical tests). Coral cover data are from Williamson et al. [2014 and unpublished]). Arrows
indicate when the moratorium on collecting E. quadricolor commenced (January 2008).
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2008) and 10 yr of ZFM typically facilitates full recovery of stocks to
levels that support MSY or higher (Safina et al., 2005; Neubauer et al.,
2013; Costello et al., 2016). However, 4 yr of ZFM (2011) had little to
no effect on anemone and anemonefish populations at the Keppel Is-
lands (Figs. 2 and 3) and 10 yr of ZFM appears insufficient to rebuild
local populations to historical levels (see above). How long, then, is
long enough for recovery? Under existing disturbance regimes and
population growth rates (˜18 and ˜10% yr−1 for A. melanopus and E.

quadricolor respectively), it is possible that full recovery will take two to
three decades, which is consistent with indicative results obtained
elsewhere (Scott et al., 2011; Frisch et al., 2016). However, if frequency
and severity of disturbances increase in the future as predicted (Hughes
et al., 2018), then full recovery may take more than three decades, if at
all. With such a high degree of uncertainty in the resilience of this
fishery, strong precautionary management is warranted to ensure that
local anemone and anemonefish populations are harvested at levels that

Fig. 4. Effect sizes of linear mixed-effects models for predicting anemonefish biomass (a, b) and anemone aggregate area (c) on the basis of biophysical conditions
and reserve age, with time (year) as a random effect. The ‘intercept’ parameter corresponds to the predicted anemonefish biomass (or anemone aggregate area) at a
site that is 15m deep and has low exposure to bleaching, flooding and cyclones. Error bars are 95% confidence intervals and asterisks denote significant effects (see
Table 4).

Table 4
Parameter estimates of linear mixed-effects models (LMM) for predicting anemonefish biomass and anemone aggregate area on the basis of biophysical conditions
and reserve age, with time (year) as a random effect. The ‘intercept’ parameter corresponds to the predicted anemonefish biomass (or anemone aggregate area) at a
site that is 15m deep and has low exposure to bleaching, flooding and cyclones. Statistically significant results (p < 0.05) are highlighted in bold.

Variable Effect Effect size Standard Error Student’s t Probability

A. melanopus biomass Intercept 994.34 164.93 6.03 <0.001
Depth (3m) −806.37 201.75 −4.00 <0.001
Depth (7m) −937.62 181.92 −5.15 <0.001
Bleaching (high) 180.13 128.48 1.40 0.17
Flooding (high) −72.05 135.54 −0.53 0.60
Cyclone (high) 8.63 110.55 0.08 0.94
Reserve age 1.78 5.29 0.34 0.74

A. akindynos biomass Intercept 449.88 78.06 5.76 <0.001
Depth (3m) −512.11 102.02 −5.02 <0.001
Depth (7m) −471.24 91.98 −5.12 <0.001
Bleaching (high) −20.30 64.97 −0.31 0.76
Flooding (high) 20.19 68.54 0.30 0.77
Cyclone (high) 44.49 55.90 0.80 0.43
Reserve age 8.39 2.65 3.16 0.003

E. quadricolor aggregate area Intercept 30.53 5.20 5.87 <0.001
Depth (3m) −30.26 6.80 −4.45 <0.001
Depth (7m) −30.36 6.13 −4.95 <0.001
Bleaching (high) 4.76 4.33 1.10 0.28
Flooding (high) −3.42 4.57 −0.75 0.46
Cyclone (high) 0.03 3.73 0.01 0.99
Reserve age 0.39 0.18 2.24 0.03
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not only optimise fishery and conservation benefits, but also in-
corporate broad safety margins as insurance against future dis-
turbances. Given their innate vulnerability to over-fishing and dis-
turbance (Frisch et al., 2016), improper or inadequate management of
anemone and anemonefishes could easily lead to population collapse or
localized extinction, as is potentially the case for H. crispa and A. clarkii.
It is also worth noting that anemones and anemonefishes can be bred
and reared in captivity (Wilkerson, 1998; Scott et al., 2014), so strong
precautionary management of wild populations (locally and globally)
need not affect the supply of stock to ornamental markets.

A major limitation of this study is the absence of direct estimates of
historical anemone and anemonefish densities, as well as other im-
portant fishery parameters such as fishing mortality rate. It is therefore
difficult to estimate target stock sizes that might support sustainable
yields, and to generate fishery reference points that could be used to
define whether or not recovery has occurred. Given these limitations,
we necessarily make inferences about past and present population
statuses on the basis of indirect sources of information such as fisher
anecdotes, logbook records of recreational divers (Frisch and Hobbs,
2009), catch records of commercial fishers (Jones et al., 2008) and
spatial comparisons with other locations (Table 5). Nonetheless, these
diverse sources of information are remarkably consistent with each
other, which affords an element of confidence to our hypothesis that
contemporary anemone and anemonefish densities are only a small
fraction of their historical densities.

In summary, population growth rates of A. melanopus and E. quad-
ricolor were very slow, potentially due to Allee effects, reduced habitat
quality, and (or) demographic constraints associated with obligate
mutualism. In addition, we identified several lines of evidence con-
sistent with the hypothesis that contemporary populations of A.

melanopus and E. quadricolor have not recovered to historical levels (i.e.,
10 yr was insufficient time for recovery in an era punctuated by severe
disturbances). However, ambiguity of historical population sizes ne-
cessitates this hypothesis be interpreted cautiously. In any case, the
slow growth and associated low recovery potentials of A. melanopus and
E. quadricolor indicate they can only support relatively light fishing
pressure and may require extended timeframes to recover from over-
exploitation and (or) disturbance. Strong precautionary management,
including harvest limits with broad safety margins as insurance against
future environmental disturbances, is therefore warranted.
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