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Global marine biodiversity peaks within the Coral Triangle, and understand-
ing how such high diversity is maintained is a central question in marine
ecology. We investigated broad-scale patterns in the diversity of clownfishes
and their host sea anemones by conducting 981 belt-transects at 20 locations
throughout the Indo-Pacific. Of the 1508 clownfishes encountered, 377 fish
occurred in interspecific cohabiting groups and cohabitation was almost
entirely restricted to the Coral Triangle. Neither the diversity nor density of
host anemone or clownfish species alone influenced rates of interspecific coha-
bitation. Rather cohabitation occurred in areas where the number of clownfish
species exceeds the number of host anemone species. In the Coral Triangle,
cohabiting individuals were observed to finely partition their host anemone,
with the subordinate species inhabiting the periphery. Furthermore, aggres-
sion did not increase in interspecific cohabiting groups, instead dominant
species were accepting of subordinate species. Various combinations of clown-
fish species were observed cohabiting (independent of body size, phylogenetic
relatedness, evolutionary age, dentition, level of specialization) in a range of
anemone species, thereby ensuring that each clownfish species had dominant
reproductive individuals in some cohabiting groups. Clownfishes are obligate
commensals, thus cohabitation is an important process in maintaining bio-
diversity in high diversity systems because it supports the persistence of
many species when host availability is limiting. Cohabitation is a likely expla-
nation for high species richness in other obligate commensals within the Coral
Triangle, and highlights the importance of protecting these habitats in order to
conserve unique marine biodiversity.

1. Introduction

Determining how multiple species manage to coexist is a central theme in
ecology [1]. One explanation is that species differ in niche occupancy [2].
Through mechanisms such as niche differentiation [3], including social and be-
havioural specializations [4] and resource partitioning (e.g. space and habitat
use), coexistence of different species can occur [5]. Despite extensive studies
into the variation in physiological, morphological and demographic traits
across coexisting species [6,7], a range of hypotheses exist regarding the relative
importance of these different niche components in maintaining diversity [8].

Coral reefs are the most biodiverse marine ecosystem [9]. Within reef systems,
there are numerous examples of species occupying different niches to avoid com-
petition [10,11]. It has also been proposed that some coral-reef species coexist
using the same resources through lottery competition [12,13] or through cohabi-
tation [14]. Under cohabitation, multiple species appear to occupy the same niche
in the same habitat, but although some species may be competitively superior,
others may have different advantageous traits (e.g. higher colonization rates)
that enable cohabitation to persist. It may also be too difficult to exclude the
competitively inferior species [14].
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Reef fishes comprise the most diverse vertebrate assem-
blages in the world and the greatest diversity of reef fish
occurs in the East Indian region (Eastern Indonesia, New
Guinea and the Philippines [15]) of the Indo-Pacific’s Coral
Triangle [16,17]. The Coral Triangle only covers a surface
area of 3% of the tropical Indo-West and Central Pacific,
but contains 52% of its total reef fish species [17]. Cohabita-
tion has been observed within [18,19] and between coral
reef fish families [20] and if cohabitation facilitates high
species richness we would hypothesize that the proportion
of cohabiting fishes would increase with proximity to their
centre of biodiversity (i.e. the Coral Triangle).

In this study, we investigate the diversity and abundance
of clownfishes (family Pomacentridae) and their host sea
anemones (order Actiniaria) at 20 locations across the Indo-
Pacific to determine patterns of interspecific cohabitation and
to explore what factors facilitate cohabitation. Clownfishes
are small bodied (maximum size 816 cm) and predominantly
feed on plankton in the water column and algae around their
host anemones [21]. They form small groups with a strong
hierarchical social structure based on body size. They are pro-
tandrous hermaphrodites with the largest fish being a
dominant female, second largest an adult male and the rest
of the group are immature [21]. Clownfishes are an ideal
model group because their taxonomy and phylogeny are well
resolved and, like most coral reef organisms, their highest
diversity is located in the Coral Triangle [14]. They are habitat
specialists that cannot persist in nature without host anemones
and demonstrate strict host specificity, limiting which ane-
mone species are available for occupancy [22]. There are 28
recognized species of clownfish [14], but only 10 species of
host anemones [14,21] and this can lead to intra- and inter-
specific competition [22-25]. Thus, in areas where there is a
high abundance and/or diversity of clownfishes there may
not be enough host anemone species. Rather than competing
for limited available resources, cohabitation may facilitate
high clownfish diversity.

Different drivers could affect clownfish interspecific coha-
bitation and we therefore set out to systematically test a
hierarchy of hypotheses that could explain clownfish cohabi-
tation patterns. We hypothesize that: (i) the proportion of
clownfishes that exhibit interspecific cohabitation increases
with decreasing abundance and/or diversity of anemone
hosts; (ii) interspecific cohabitation is highest in regions of
high clownfish density and/or diversity regardless of host
anemone availability; (iii) differences in the abundance of
host anemones across reef zones and selective settlement
patterns of clownfishes provide spatially explicit abundance
patterns that influence the proportion of cohabitating clown-
fishes; (iv) larger host anemones support a greater proportion
of cohabiting clownfishes; and (v) the total body length of
resident clownfish is greater in intraspecific social groups.
We also examine which traits (e.g. trophic guild, size, mor-
phology and evolutionary age) are linked to cohabitation in
clownfishes. Finally, we determine whether cohabitation is
facilitated by: (i) reduced aggression and/or (ii) fine-scale
spatial separation of the host anemone. We assemble the
most comprehensive dataset to-date of clownfish habitat
use and document the highest incidence of clownfish inter-
specific cohabitation, which appears to be driven by
clownfish species richness in high biodiversity areas. Thus,
we contextualize the role of cohabitation in supporting
species diversity within the Coral Triangle.

2. Material and methods

(a) Clownfish cohabitation frequency

To establish patterns of clownfish interspecific cohabitation across
the Indo-Pacific, host anemone and clownfish populations were
investigated at 20 locations between 2005 and 2014. A further
eight surveyed locations (Djibouti, Norfolk Island and six locations
in the Red Sea) were excluded from the analyses, because only one
clownfish species occurs at these locations and thus cohabitation is
impossible. To assess the diversity, abundance and cohabitation of
clownfishes across the Indo-Pacific, underwater visual surveys
were conducted at the 20 locations, covering a wide range of
reef zones (e.g. reef flat, crest and slope) and depths (see electronic
supplementary material, table S1). The number and species of
clownfish occupying a single-host anemone were defined as a
social group and were assessed using standardized sampling
effort, either through fixed reef area sampling 250 m? (50 x 5 m)
or restricted effort dives with multiple replicates and sites per
location (see electronic supplementary material, table S1 for
detailed survey methodology). Within our analysis, we also
included published data from Riccardi et al. [26] and Elliott &
Mariscal [27] to achieve 22 study locations (electronic supplementary
material, table S1).

(i) Host anemone size

On Hoga Island, where the highest frequency of interspecific
cohabitation was recorded, we tested whether cohabitation
increased with host anemone size. Hoga Island is a UNESCO
Biosphere Reserve and is situated in the Wakatobi Marine
National Park (WMNP), southeast Sulawesi, Indonesia, in the
central area of the Coral Triangle [28]. From June to August
2014, the western reefs of Hoga Island were surveyed. The
Hoga reef system is a typical fringing reef with a shallow reef
flat (1-4m), reef crest (4-6m) and a reef slope extending
down to 50 m depth. Sixty-five belt-transects (50 x 5 m) were
randomly placed on the reef flat to upper reef slope at depths
of 1-5m (total area surveyed: 16 250 m?).

The surface area of the oral disc of all recorded anemones was
determined by using the advanced geometry technique typically
applied to corals [29]. In this method, the anemone is visually
divided into sections in situ, with each segment assigned a geometric
form or shape. The majority of anemones had an oval shape, so the
longest axial length and shortest axial length (measured to the near-
est centimetre) were multiplied by /4 [30]. Field surveys were
completed between 10.00 and 15.00 h to minimize any diel variation
in changing tentacle size [31]. For the three most common anemones
on Hoga reefs (Entacmaea quadricolor, Heteractis crispa and Heteractis
magnifica), the surface areas of three individuals per species were
measured repeatedly over 3 days to determine natural variation in
size. A general linear model demonstrated that size did not differ
across the repeated measures.

(ii) Clownfish total length

To determine whether cohabitation of clownfishes was influ-
enced by the total length of all clownfishes in a host anemone,
fish observed in the Hoga surveys were categorized as either:
new recruit (less than 2 cm), juvenile (2-5 cm) or adult (more
than 5 cm) [21]. Fish were observed from a distance of 2 m. No
detectable effect on fish behaviour was observed at this distance
when compared with observations carried out a greater distance.
Assessment of fish size followed specific training on underwater
visual size estimation.

(b) Characteristics of cohabiting clownfish
To elucidate whether certain traits were linked to clownfish coha-
bitation, and to quantify the composition of different social groups,
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detailed surveys were conducted at Hoga. All social groups were
surveyed by a 2-min observation from 2 m away. The area of
host anemone available per fish in both inter- and intraspecific
social groups was determined.

(c) Mechanisms that support clownfish cohabitation

(i) Clownfish aggression

To determine whether interspecific cohabitation is supported by
reduced clownfish aggression, randomly selected inter- and intra-
specific social groups encountered in the belt-transects at Hoga
were assessed. Aggression was defined as rapid swimming
towards other fish, head-dips, jaw clicking and excessive dorsal/
ventral leaning [32]. For interspecific social groups, two factors
were recorded to determine dominant and subordinate clown-
fishes. The first factor was which species had the largest
individual fish and the second factor was which species showed
the most aggression [26,32]. A size-based dominance hierarchy
has been well documented for intraspecific social groups of clown-
fishes [33]. The percentage time of aggression was used to quantify
the extent of aggression between cohabiting species. Observations
were conducted on the dominant fish within each social group.
Behavioural observations (1 = 45) were conducted for 10-min, as
preliminary observations (1 = 12) demonstrated this to be most
effective time for sampling the range of behavioural traits
demonstrated by an individual.

(ii) Spatial separation of host anemone

To test whether fine-scale spatial separation facilitates interspecific
cohabitation, we recorded the anemone host usage of the domi-
nant (largest) clownfish of each social group observed at Hoga.
Five-minute high-definition videos (Olympus E-PL5 in Olympus
PT-EP10 underwater housing) were taken per social group with
cameras set at least 2-m away from the focal anemone. Each
video was analysed by superimposing a 6 x 6 grid (1 = 36) over
the anemone and documenting the amount of time the dominant
fish spent in each square. Grids were always 6 x 6, but were custo-
mized and scaled for each anemone to ensure the grid cells covered
the entire anemone (range in cell area 4.0-6.25 cm?). Times when
fish moved out of the anemone or were hidden within the ane-
mone were removed from the analysis. The proportion of time
when clownfish were out of sight did not correspond to any
particular part of the anemone.

(d) Data analysis

(i) Clownfish cohabitation

Cohabitation frequency was determined for all locations as the
proportion of clownfish social groups that contained more than
one species of clownfish. Within this study, Hoga was centrally
located within the Coral Triangle [28] and to assess how both
cohabitation and clownfish diversity changed with distance
from Hoga a Pearson’s Correlation was conducted. The distance
of each site from Hoga was determined using their GPS points
entered into Google Earth as waypoints.

A Pearson’s Correlation was also used to test if cohabitation
was positively associated with the density of anemones, anemone
diversity (Shannon-Wiener Diversity Index (SW-Index)), the
density of clownfish and/or clownfish diversity (SW-Index).
Note: n = 20 as data from Riccardi ef al. [26] and Elliott & Mariscal
[27] were not included as detailed diversity data were unavailable.
ANOVA was used to test whether the reef zone influenced the
proportion of interspecific cohabitation across sites. Next, the
composition of host anemone species and its influence on cohabi-
tation at each site were examined via ordinations based on
principal component analysis (PCA). Pearson’s Correlation coeffi-
cient was used to examine whether extracted ordination axes were
correlated with the proportion of cohabitation. Finally, an ANOVA

0.6 & Hoia
B <2000 km ]
[0 <4000 km
[0 <6000 km
0.4 10 >6000km

0.2 1

cohabitation proportion

0 0.4 0.8 12 1.6
clownfish diversity (SW index)

Figure 1. The relationship (r = 0.68, n = 20, p << 0.01) between the pro-
portion of anemones that contained interspecific cohabiting clownfishes and
clownfish diversity (S—W Index). Surveys were conducted between 2005 and
2014. The distance of each site from Hoga is illustrated by the shading of
each point (see Legend). 95% confidence interval is shown (grey dashed
lines).

with post hoc Tukey Kramer test was used to determine whether the
ratio of clownfish species to host species influenced cohabitation.

(ii) Host anemone size and clownfish total length

To determine whether there was an association between the
surface area of the oral disc of the anemones and the number of
clownfish, a Pearson’s Correlation was conducted for each of the
common anemone species recorded in surveys at Hoga Island
(Heteractis aurora, H. magnifica and Stichodactyla mertensii were
excluded because 11 < 4). In the absence of site-specific knowledge
of the relationship between fish length and biomass, the same
analysis was conducted to compare the association between aggre-
gate fish length per social group (calculated as the sum of the total
lengths of all fish in the group) and anemone size (oral disc surface
area) for both inter- and intraspecific social groups.

(iii) Characteristics of cohabiting clownfish

For the Hoga data, a Linear Mixed Effects (LME) model was used
to determine whether cohabiting species exhibited similar traits.
The model included mean maximum body size [21], evolutionary
age (determined from [34]), host specialization (e.g. number of
hosts the fish will use [21]), feeding preference [35], teeth structure
[21,35,36], whether the individual was dominant or subordinate
at Hoga, and the variance-to-mean-ratio (VMR) to represent host
usage. Parameter estimation in LME models was based on
restricted maximum likelihood (REML). A Pearson’s Correlation
was conducted to determine how the degree of phylogenetic relat-
edness (determined as the cumulative number of divergent
branches of each clownfish species from their common ancestor;
phylogeny from [34]) affected the proportion of cohabitation
between clownfish species.

(iv) Clownfish aggression

To test whether reduced clownfish aggression supported inter-
specific cohabitation of clownfish, the amount of time spent on
aggression (inter- and intraspecific) was compared between inter-
and intraspecific social groups using a two-way ANOVA. Tests
focused on the two most common cohabiting (66% of cohabitation)
clownfishes at Hoga, Amphiprion clarkii and Amphiprion perideraion.

(v) Spatial separation of host anemone
To elucidate whether clownfishes in interspecific social groups
used fine-scale spatial separation of the host anemone, we
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Figure 2. The proportion of cohabitation in clownfishes throughout the Indo-Pacific. The proportion of cohabitating clownfish at a location was determined by
dividing the number of anemones per location hosting more than one species of clownfish by the total number of anemones hosting clownfish at the location.
Surveys were conducted between 2005 and 2014 and published data from Elliott & Mariscal [27] and Riccardi et al. [26] were included. Grey shading indicates the
proportion of anemones that were cohabited by different species of clownfish. The black line delineates the Coral Triangle as designated by Allen & Werner [16].

The dashed circle indicates Hoga Island.

calculated the Index of Dispersion (VMR) for the dominant and
subordinate fish of each social group at Hoga. The VMR was
calculated as

p-7,
w

where ¢” is the variance and w is the mean percent time each
clownfish spent in each of the 36 sections of the host anemone.
VMR: less than 1= uniform distribution, 1 =random distri-
bution and more than 1 = clustered or aggregated distribution.
For the two most common interspecific social groups (A. clarkii
with A. perideraion, and Premnas biaculeatus with Amphiprion
melanopus), a two-way ANOVA with post hoc Tukey Kramer
test was used to compare the Index of Dispersion between
inter- and intraspecific social groups for each social group
member. Statistical analyses were conducted in R studio [37].

3. Results
(a) Clownfish cohabitation frequency

In total, 53 525 m? of coral reef habitat were surveyed in 981
belt-transects at 20 locations across the Indo-Pacific, and com-
bined with published survey data from reefs in Manado and
Madang [26,27]. A total of 1508 clownfish individuals were
recorded from 12 species and 5039 anemones across eight
host species (electronic supplementary material, table S2).
Clownfish diversity was negatively correlated with distance
from the centre of the Coral Triangle (figure 1 and electronic
supplementary material, figure S1; r = 0.54, n = 20, p < 0.05).

Of the 1508 clownfish individuals that were recorded, 377
were found to be cohabitating in interspecific social groups
(25%). Clownfish cohabitation was concentrated within the
Coral Triangle (figure 2). The proportion of interspecific coha-
bitation decreased with distance from the geographic centre of
the Coral Triangle (figure 1 and electronic supplementary

material, figure S1; ¥ =0.60, n =22, p <0.01). Thus, inter-
specific cohabitation increased with clownfish diversity
(figure 1; r = 0.68, n = 22, p < 0.01). The diversity of host ane-
mones did not influence the proportion of interspecific
cohabitation (electronic supplementary material, figure S2).
However, interspecific cohabitation was significantly higher
when the number of clownfish species exceeded the number
of host anemone species (table 1, ANOVA with post hoc
Tukey, p <0.005). Clownfish and host anemone densities
were not correlated with interspecific cohabitation (electronic
supplementary material, figure S2) and reef zone had no influ-
ence on levels of cohabitation. Similarly, the composition of
host anemones across the different reef zones did not influence
interspecific cohabitation, with no correlation between the PCA
extracted ordination axes and the proportion of cohabitation
(electronic supplementary material, figure S3).

(i) Host anemone size and clownfish total length

Across host anemones, the aggregate size of all fish
(i.e. summed total lengths) in interspecific social groups
was greater than that for the intraspecific groups (t11, = 3.92,
p < 0.001). There was no relationship between number of
clownfish and host anemone size for both inter- and intra-
specific social groups. Entacmaea quadricolor was the exception,
with larger anemones hosting more clownfish (number of
fish: r=0.62, n =13, p <0.05; total length of fish: r =0.71,
n=13, p<0.01). Clownfish density was twice as high in
interspecific groups (2.1 anemonefish + 0.23 per 100 cm? of ane-
mone) compared with intraspecific groups (1.1 clownfish +
0.13 per 100 cm? of clownfish) (t = 231335, p < 0.05).

(b) Characteristics of cohabiting clownfish
Hoga Island had the highest level of cohabitation. Anemone
cover in the Hoga survey area was 0.05% and included 437
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Table 1. The proportion of anemones that contained cohabiting
clownfishes for each of the 22 locations across the Indo-Pacific. Symbols
indicate sites where the number of host anemone species observed in
surveys was higher (+), equal to (=) or lower (—) than the number of
clownfish species.

host anemone

cohabitation species to fish

study location proportion species
Guam 0 na
Maldives 0 +
Marshall Islands 0 +
Japén - Ob ‘ +>
Socotra 0
FLordeowe Ob =

Island
Elizabéth Reef » Ob » =
Pohnpei 0 =
‘ Cocbs Isiahds ‘ 0 =
Abrolhos 0 =
‘ Ash‘n‘]ore ‘Reef‘ 0 =
Lombok 0 +
Christmas Island 0.02 =
Bali 0.07
oo s
Sunshine Coast 0.09 —
Kosraé » 0.b13 R +>
Ningaloo 0.17 -
GBR beeppeIs » 08 R
Manado 0.31 —
‘Madang‘ . 0 s
Hoga 0.52 —

clownfish across six species, residing in 114 host anemones
across five species (electronic supplementary material, table S2).
Overall, the clownfish comprised 155 adults, 194 juveniles and
88 new recruits and A. clarkii was the most abundant species
(57%). The mean (+s.e.) number of clownfish per anemone
was 4.1 (+0.19) and ranged from one to 12 individuals.

At Hoga, all anemones were inhabited and each clownfish
species occupied between one and five species of host ane-
mones (electronic supplementary material, table S3). 52% of
anemones contained two different species of clownfish
(figure 2). Cohabitation varied across species (A. perideraion =
76%, A. clarkii = 69% and A. melanopus = 67%, electronic sup-
plementary material, table S3) with different combinations of
interspecific social groups ([38], electronic supplementary
material, table S4).

Cohabiting species of clownfish were not phylogenetically
or morphologically similar, with maximum body length, phy-
logenetic relatedness and evolutionary age not associated with
cohabitation levels (electronic supplementary material, table S2
and figure S4). Similarly, ecological specialization was not
linked to cohabitation. Cohabitation occurred independent
of clownfish dentition or feeding preference (table 2). No

species was observed always to be the subordinate species [ 5 |

within interspecific social groups and thus this factor was
also non-significant in the LME model.

(c) Mechanisms that support clownfish cohabitation

(i) Clownfish aggression

For the frequently observed cohabiting species A. clarkii and A.
perideraion (electronic supplementary material, table S4),
aggression decreased when they were found in interspecific
rather than intraspecific social groups (A. clarkii: F; 53 = 7.55,
p < 0.01; A. perideraion Fy 53 = 19.65, p < 0.001). Clear species-
specific responses existed, with A. clarkii significantly more
aggressive than A. perideraion in all social groups (intraspecific:
Fi53=236.48, p < 0.01; interspecific: F; 53 =24.71, p < 0.001).
Amphiprion clarkii displayed aggression on average 14% of
time in intraspecific social groups and 7% of time in inter-
specific social groups, making it the most aggressive
clownfish observed at Hoga (figure 3). Amphiprion perideraion
showed very little aggression, averaging less than 2% of time
displaying antagonistic behaviour.

(ii) Spatial separation of host anemone

Interspecific cohabitation altered the spatial use of host
anemones by the subordinate species while dominant individ-
uals maintained similar spatial habitat usage (figure 4).
Analysis on the subordinates (A. perideraion and P. biaculeatus)
of the two main social groups (A. clarkii—A. perideraion and A.
melanopus—P. biaculeatus) demonstrated significant clustering
on the outer edge of the anemone (A. perideraion: F3100 =
696.76, p <0.001, post hoc Tukey, p <0.01; P. biaculeatus:
F316=1438.42, p < 0.01, post hoc Tukey, p < 0.01), a trend gen-
erally observed for all species when they were subordinate
(figure 4, A. clarkii VMR > 3.1, A. perideraion VMR > 1.2 and
P. biaculeatus VMR > 15.1). Dominant individuals of A. clarkii
and A. melanopus showed a uniform distribution (VMR <
0.3), spending most time outside of the host anemone
(figure 4, A. clarkii ca. 40% and A. melanopus ca. 50% of time).
By contrast, dominant individuals of Amphiprion sandaracinos
and A. perideraion occupied the centre of the anemone
(VMR > 1.2, > 1.3, respectively). Dominant cohabiting A. clar-
kii spent 17.0 +£1.3% more time outside of the anemone
compared with when it was the sole occupant of an anemone.

4. Discussion

This study demonstrates that clownfishes are rarely found
cohabiting anemones outside of the Coral Triangle (figure 2).
Across the Indo-Pacific, total anemone cover is often very
low [38] and as the majority of clownfish species exhibit host
specificity the availability of appropriate habitat is even
lower [39]. Anemone density, diversity and clownfish diversity
did not influence the proportion of cohabitating clownfishes.
Reef zone did not influence the proportion of cohabitation,
and the composition of host anemones did not vary across
reef zones. By contrast, Elliott & Mariscal [27] found niche
differentiation of clownfish across different reef zones and
that this influenced cohabitation. However, Elliott & Mariscal
[27] classified reef zones at a far larger spatial scale (including
near shore, mid-lagoon, outer-barrier and off-shore). Reefs
within the 20 study locations reported here did not cover this
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Table 2. Model parameters to estimate whether clownfishes cohabit based on certain traits. Clownfish species was modelled as a random effect.

model term estimate
intercept (cohabit) 6.67
host specificity —0.08
maximum body length —0.01
teeth structure —0.30
phylogenetic relatedness —037
evolutionary age —121
host anemone spatial usage (VMR score) —0.11
subordinate or dominant 0.50
adult or juvenile —0.40
feeding breference —0.01

s intraspecific aggression
—= interspecific aggression

10 1

time (s)

intraspecific interspecific

social group

Figure 3. Aggression of (@) Amphiprion clarkii and (b) A. perideraion in inter-
and intraspecific social groups on reefs around Hoga Island, South East Sulawesi,
Indonesia. Aggression was determined by observing the dominant (largest)
clownfish of each social group for a total of 10 min. In interspecific social
groups, aggression was defined as intraspecific or interspecific, i.e. within or
between species.

spatial extent and could only be classified within the reef as
either: reef crest, reef slope, patch reef or reef flat.

The pattern of clownfish cohabitation observed within this
study was best explained by the ratio of host anemone species
to clownfish species; when the number of clownfish species
exceeded the number of host anemone species, cohabitation
was almost always documented (table 1). In the Coral Triangle,
for example, the number of clownfish species (13 species)
exceeded the number of species of host anemones (10 species).
All available hosts were occupied, and host limitation

s.e. t-value p-value

10.47 0.64 n.s.
0.17 0.50 n.s.
0.02 0.40 n.s.
1.56 0.19 n.s.
0.59 0.63 n.s.
1.76 0.69 n.s.
0.07 0.16 n.s.
0.29 1.74 n.s.
0.80 0.50 n.s.
002 006 ' ns.

combined with high clownfish diversity appears to drive
cohabitation. Survival of clownfish outside of a host anemone
is inhibited by predation [22]. Consequently, cohabitation
reduces the risk of mortality and enables greater species
richness in environments where microhabitats are limited.

To date, the scientific consensus is that clownfish competi-
tively exclude other species from the host anemone [27,40].
However, in the Hoga reefs, clownfishes coexist using a
size-structured hierarchy previously documented only in
intraspecific groups [41]. Importantly, these cohabiting species
were often phylogenetically unrelated and morphologically
different, further highlighting the distinctness of the cohabiting
relationships. Both generalist and specialist clownfish species
were seen to cohabit [21].

Fine-scale spatial separation of the host anemone is a mech-
anism that allows both cohabiting species to share a common
habitat, with outcomes of competitive interactions dictating
which part of the anemone is inhabited by each species. Subor-
dinate individuals tend to occupy the peripheral areas of the
anemone [42], as occurs in intraspecific groups where compe-
tition forces subordinates to occupy suboptimal and less
favourable environments [38-40]. Dominant species from
interspecific social groups generally did not alter their spatial
distribution within the host anemone, although the common
dominant species A. clarkii increased the time it spent outside
of the host anemone. The increased time outside of the host
anemone created greater spatial separation from the subordi-
nate species, potentially alleviating competition for space
inside the host anemone. Within the host anemone, space use
per fish decreased by ca. 50% in interspecific social groups com-
pared to intraspecific social groups. Despite the greater risk of
predation for A. clarkii while outside of the host anemone, it
appears that the reduced competition created by being outside
may outweigh any additional associated risks.

Aggression did not increase in interspecific social groups
despite the reduced amount of available habitat per fish. Thus,
the acceptance of a subordinate congeneric by a dominant
species is a mechanism that allows multiple species to cohabit
a single habitat. Subordinates probably avoid aggressive inter-
actions with the dominant species owing to fear of injury,
mortality or eviction from the anemone (e.g. [43]). Living on
the periphery of the host anemone, despite the higher risk of pre-
dation [44,45], is a better option than having no host anemone.
Occupying a part of the anemone also provides an opportunity
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Figure 4. Spatial patterns in usage of anemones by clownfish in intra- and interspecific social groups for Hoga Island, South East Sulawesi, Indonesia. The per-
centage of time clownfish spent in each quadrant was determined and colour coded accordingly. Territory analysis was determined for intra- and interspecific social

groups, and for the dominant (largest) and subordinate (smallest) individuals.

for social queuing, eventually allowing the subordinate to
become dominant and reproduce [43]. For the dominant species,
there may be a benefit from allowing another species to cohabit
(e.g. enhanced growth and protection of anemone [45,46]). Fur-
thermore, it may be more beneficial for dominant individuals to
accept a smaller congeneric rather than a conspecific because a
congeneric is less likely to have niche overlap (e.g. different
diets) or pose a risk to stealing a mate. Given that clownfish pro-
duce sounds during agonistic interactions that are species- and
size-specific [47,48], it is possible that this form of communi-
cation is used to convey information on status and facilitate
acceptance, thereby helping to stabilize the cohabiting group.
Importantly, no species was observed always to be the sub-
ordinate when cohabiting. Consequently, although clownfishes
have competitive hierarchies [40], other factors (e.g. colonization
ability [41,43—-45]) may influence which species attains the high-
est rank and therefore dominance within the cohabitating social
group. Demographic differences will help promote evolutionary
stability of cohabitation because it allows each species to become
dominant in some instances, and thus become the reproduc-
tively active individual and species within each social group. If
hierarchies were fixed, the cohabiting subordinate species

would struggle to persist in the region as they would face pro-
longed suppression of reproduction. Whether both species are
able to breed while cohabiting has yet to be confirmed, but
egg clutches were only observed during this study for the domi-
nant clownfish species of each social group. Cohabitation may
support stable populations even within subordinate species
through social queuing whereby the subordinate species waits
their turn to become the dominant individual, a process well
documented within intraspecific groups [43]. The increased
levels of interaction and reduced spatial separation of species
during cohabitation may also explain historical hybridization
events [49].

Cohabitation of species has been well documented in rainfor-
ests (e.g. scorpions [50]), where there is high species diversity
and often habitat limitation analogous to coral reefs [51]. The
presence of cohabitation within both coral reefs and rainforests
suggests that it is an important mechanism facilitating diversity
in specialists/commensal species where habitat resources are
limiting. Within this study, cohabitation was not limited to one
species pair in one host species, but rather we observed a
range of different clownfishes cohabiting on several different
host species. In other groups, shrimps that are commensal with
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anemones and mushroom corals (e.g. Heliofungia actiniformis)
also achieve high species richness in the Coral Triangle through
cohabitation [14,52]. Thus, the total diversity of commensals on
microhabitats such as anemones can be very high because there
is cohabitation within and between numerous taxonomic groups
(e.g. fish, shrimps and crabs). The reliance of several species on a
specific microhabitat within high diversity areas increases the
value of the host habitat. Thus, the consequences of microhabitat
loss are likely to exaggerate impacts on species richness in high
biodiversity environments.

Overall, this study tested several hypotheses to determine
what drives cohabitation and demonstrated that this was
best explained by the ratio of host anemones to clownfish
species. At sites in the highly diverse Coral Triangle, various
combinations of clownfishes can co-inhabit a range of host
anemones without increased aggression. Cohabitation is
facilitated by niche partitioning over a fine spatial scale and
through the acceptance of a subordinate species by a domi-
nant species. Given that multiple marine species (e.g. fishes,
crustaceans) cohabit anemones (and other microhabitats)
within the Coral Triangle, protecting these microhabitats
and preserving cohabiting relationships are important to
conserving this global centre of marine biodiversity.
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