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Abstract Determining the extent of repeatable differences

in the behavior of animals and the factors that influence

behavioral expression is important for understanding indi-

vidual fitness and population processes, thereby aiding in

species conservation. However, little is known about the

causes of variation in the repeatability of behavioral dif-

ferences among species because rarely have comparative

studies been undertaken to examine the repeatability of

behavioral differences among individuals within their nat-

ural ecological settings. Using two species of endemic

subtropical anemonefishes, Amphiprion mccullochi and A.

latezonatus at Lord Howe and North Solitary Islands,

Australia, we conducted an in situ comparative analysis of

personality traits, examining the repeatability of boldness,

sociability and aggression as well as the potential role of

environmental and social factors on behavioral expression.

For A. mccullochi, only boldness and aggression were

highly repeatable and these behaviors formed a behavioral

syndrome. For A. latezonatus, none of the three behaviors

were repeatable due to low-inter-individual variation in

behavior. We suggest that the harsher and more variable

environmental and social conditions experienced by A.

latezonatus have resulted in reduced repeatability in

behavior, in contrast to A. mccullochi which typically

inhabits a more stable lagoonal reef environment. Addi-

tionally, group size and size rank, rather than nearest-

neighbor distance and anemone size, influenced the

expression of these behaviors in both species, suggesting

that behavioral variation was more sensitive to social than

environmental factors. Overall, differences in repeatability

between these closely related species likely reflect adap-

tations to contrasting environmental and social conditions,

although alternative explanations must be considered. The

differences in behavioral consistency between these two

endemic anemonefishes could lead to disparity in their

resilience to environmental or social change in the future.

Keywords Clownfish � Amphiprion � Coral Reef �
Boldness � Aggression � Sociability

Introduction

Consistent variation in the behavioral traits of individuals

has been characterized in a number of animal taxa (Gosling

and John 1999; Sih et al. 2004; Réale et al. 2007). Such

‘personality traits’ are defined as inter-individual differ-

ences in behavior that are consistent over time and across

contexts (Réale et al. 2007). Understanding personality
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traits is important because it informs the more general

evolutionary question of why behavioral variation is

maintained in the face of natural selection since one would

expect the selection of one beneficial trait to the detriment

of others (Dall et al. 2004). Variations in personality traits

are often correlated at the individual level; these correla-

tions are termed behavioral syndromes (Sih et al. 2004).

For example, boldness is often positively correlated with

aggression (Riechert and Hedrick 1993; Sih et al. 2004).

Understanding these correlations is challenging from both

proximate and ultimate perspectives, as personality traits

might be expected to be more independent than morpho-

logical traits like size and weight (Sih et al. 2004).

Therefore, the study of behavioral syndromes is important

because it helps to determine why certain personality traits

are linked, when flexibility is typically considered adaptive

(Dall et al. 2004).

Although temporal consistency in personality traits and

behavioral syndromes has been reported in a range of taxa,

the effect of social and environmental context on consis-

tency in personality traits has received relatively less

attention. Social context may include variation in group

size or composition (Webster and Ward 2010; Mainwaring

et al. 2011; Pearish et al. 2013), and environmental context

may include factors such as differing habitat structure,

seasonality or temperature (Dingemanse et al. 2007, 2010;

Martin and Réale 2008; Biro et al. 2010). Many studies

have shown that the expression of personality traits can

change in response to changes in context (van Oers et al.

2005; Martin and Réale 2008; Natarajan et al. 2009;

Schuett and Dall 2009; Dingemanse et al. 2010; Shürch and

Heg 2010; Webster and Ward 2010; Mainwaring et al.

2011). For example, zebra finches (Taeniopygia guttata)

are bolder in solitary than group contexts (Mainwaring

et al. 2011), while shoaling Eurasian perch (Perca fluvi-

atilis) are bolder in group contexts with other bold indi-

viduals (Magnhagen and Bunnefeld 2009). In contrast,

others have found that environmental context has little

effect. Martin and Réale (2008) demonstrated that habitat

type had no effect on inter-individual variance in behaviors

of chipmunks (Tamias striatus), suggesting that the influ-

ence of environmental variation may not be universal. This

highlights the importance of quantifying social and envi-

ronmental contexts and how they influence species-specific

personality traits because the fitness consequences of

behavioral decisions play out under a variety of natural

settings.

To better understand the role of variation in social and

environmental context, field studies quantifying the con-

sistency of behavioral traits are needed to provide a more

complete picture and to address the potential for laboratory

artifacts. For example, an examination of behavioral types

in the cooperatively breeding cichlid (Neolamprologus

pulcher) in the wild revealed decoupling of the behavioral

syndrome that had previously been observed in the labo-

ratory (Witsenberg et al. 2010). Additionally, comparative

approaches are useful for addressing the role of context

variation, whereby behavioral consistency of individuals

from populations of the same species differing in key

ecological variables are quantified and compared (Brown

and Braithwaite 2004; Bell 2005; Dingemanse et al. 2007;

Burns et al. 2016). Furthermore, while genetic differences

may contribute to behavioral differences, comparisons of

individuals from different species can also be useful for

understanding the roles of social and environmental vari-

ation provided the species are closely related. Although

interspecific comparisons are currently few (Rehage and

Sih 2004; Erikkson et al. 2010), such studies have the

potential to act as ‘natural experiments’ that can test a

priori hypotheses regarding behavioral consistency in

relation to social and environmental variation (Dall and

Griffith 2014). So far, however, when comparative

approaches have been employed, the behaviors of indi-

viduals have predominantly been scored under laboratory

conditions (Bell et al. 2009), limiting the conclusions that

can be drawn about the extent of behavioral consistency or

plasticity. Finally, a better understanding of the role of

social and environmental variation could be achieved by

adopting a priori predictions regarding their effects, which

could be tested through observation or experiments in

natural contexts (Dall and Griffith 2014). This requires

some advance knowledge of the ecology of the species in

question, making the choice of model species an integral

component of behavioral consistency and plasticity studies.

Studies on fishes, particularly freshwater teleost fishes,

have played a key role in the development of the field of

personality traits and in identifying any influence of social

and environmental variation (e.g., Moretz et al. 2007; Biro

et al. 2010; Cote et al. 2010; Colléter and Brown 2011;

Frost et al. 2013). However, most of these studies have

been in laboratory settings where the context and stimuli

were highly controlled. Anemonefish (genus Amphiprion)

are one of the most extensively studied marine fish species

(e.g., Allen 1972; Ross 1978; Moyer 1980; Fautin and

Allen 1997; Buston 2003; Richardson 1999; Schmiege

et al. 2016). Anemonefishes form an obligate symbiosis

with habitat-forming sea anemones, and each anemone

generally hosts a group of fish consisting of a breeding pair

plus smaller non-breeding subordinates (Fautin and Allen

1997; Buston 2003). Much is known about these fishes’

behavior, including the social organization and expression

of personality traits (Buston 2003; Wong et al. 2013;

Schmiege et al. 2016). Laboratory-based work has

demonstrated the existence of personality traits and

behavioral syndromes in the false clownfish (Amphiprion

ocellaris) and a link between the personality traits of the
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clown anemonefish (Amphiprion percula) and the growth

of its host anemone (Wong et al. 2013; Schmiege et al.

2016, respectively). Anemonefishes are subject to consid-

erable variation in their social and environmental context,

both within populations of a given species (e.g., Moyer

1976) and among species (e.g., Moyer 1980; Richardson

1999). For example, some species tend to occur on isolated

and discrete anemones and exhibit low population sizes,

limited movement between anemones and strict monogamy

(Allen 1972; Buston 2003). Others, particularly in tem-

perate locations, live in hosts that are found in high den-

sities and hence exhibit enhanced movement between

anemones and polygynous mating systems (Moyer 1980;

Richardson 1999). Social context can also vary greatly

within and between species. For example, dominance rank

within the group is established based on relative size (ter-

med ‘size rank’) (Buston 2003; Buston and Cant 2006), and

this can vary if individuals move between groups and as

individuals ascend in the hierarchy. Therefore, quantifica-

tion of the behavioral types of anemonefishes in their

natural context is needed to expand our understanding not

only of anemonefish behavior, but also of the consistency

and plasticity of behavioral types in animals more

generally.

To address these knowledge gaps, we used a compara-

tive approach to investigate boldness, sociability and

aggression in two anemonefishes, Amphiprion mccullochi

(McCulloch’s anemonefish) and Amphiprion latezonatus

(wide-band anemonefish), in the wild. Specifically, we

examined whether: (1) personality was present in both

species and whether any behavioral differences were cor-

related with environmental and social conditions; and (2)

variation in personality traits was correlated at the indi-

vidual level in both species, thus forming a behavioral

syndrome. Amphiprion mccullochi has a restricted sub-

tropical distribution. It is found at Lord Howe Island (LHI)

and Middleton and Elizabeth Reefs, New South Wales

(NSW), Australia, where it associates with Entacmaea

quadricolor (Fautin and Allen 1997; Hobbs et al. 2009)

(Fig. 1). Amphiprion latezonatus is also endemic to sub-

tropical eastern Australia and is found from Cook Island to

South West Rocks, with high densities at North Solitary

Island (NSI) (Richardson et al. 1997; Scott et al. 2011;

Malcolm and Scott 2017) (Fig. 1). This fish occurs with a

broader range of host anemones including E. quadricolor,

Heteractis crispa and Stichodactyla gigantea (Fautin and

Allen 1997; Scott et al. 2015).

Based on findings from a closely related anemonefish, A.

ocellaris (see Wong et al. 2013), we predicted that indi-

viduals of both A. mccullochi and A. latezonatus would

display consistent inter-individual differences in their

behavior over time (personality traits) and that these

behaviors would be correlated with each other (behavioral

syndromes). However, because A. latezonatus experiences

more variable social and environmental conditions at NSI

(e.g., contiguous sea anemones allowing increased mobility

and social interactions between groups, major swell events

and large diel temperature variation), we predicted that

there would be reduced repeatability of behavioral differ-

ences in A. latezonatus relative to A. mccullochi at LHI.

We also predicted that environmental factors (anemone

size and nearest conspecific neighbor distance) and social

factors (size rank and group size) would influence the

average expression of behavioral traits in both species.

Finally, we predicted that we would find a behavioral

syndrome incorporating boldness, sociability and aggres-

sion for both species, as has been previously reported for

another species of anemonefish (Wong et al. 2013),

although the magnitude of correlation between behaviors

would be less for A. latezonatus as the more variable

environmental and social conditions may favor greater

behavioral de-coupling.

Materials and methods

Amphiprion latezonatus were observed at Elbow Cave and

Monterey Mooring, NSI, NSW, Australia (29�5503100S,
153�2301000E, depth 13.3–25 m) and A. mccullochi were

observed at Far Flats, LHI, NSW, Australia (31�3104600S,
159�040E, depth 1.5 m) (Fig. 1). Groups were filmed to

quantify personality traits and their socio-ecological pre-

dictors in March 2014 and April 2015 (austral autumn),

respectively. Using SCUBA, nine discrete social groups

with two or more fish per group were located at each of the

islands. All groups resided in E. quadricolor and were

marked with dive weights and flagging tape, which were

placed *1–1.5 m away from the anemones.

Groups were filmed for 15 min across three consecutive

days using GoPro Hero 3 cameras (Silver Edition, settings:

960 resolution, 60 frames s-1, wide field of view) with

BacPacs and housings mounted on weighted stainless steel

tripods (height: 50 cm). Each group was filmed at the same

time each day between 0900 and 1200 hrs, to maintain

consistency and avoid dusk and dawn and the changes in

behavior that may occur at these times. The same field of

view was achieved daily by placing the tripods directly

over the group’s weighted marker. Before filming, a 30-cm

metal ruler was placed on the substratum in front of each

group for scale, so that standardized body size measure-

ments could be estimated from the footage. After the

recording started, the diver moved away from the social

group and returned at the end of filming to minimize dis-

turbance during this period. On the final day of recording,

the length and width of each anemone habitat were mea-

sured using a 1-m tape and the distance from the focal
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group to the nearest conspecific and heterospecific

anemonefish neighbor was visually estimated.

Recordings were viewed using VLC media player, and

behavioral traits were scored using an ethogram developed

by Wong et al. (2013) for A. ocellaris. The first 2 min of

footage were disregarded to allow the fish to acclimatize to

the placement of the camera, and the following 10 min

were assessed for targeted behavioral traits. Each individ-

ual in a group was scored over the same 10 min of video

recording owing to limitations on the time that could be

spent taking recordings underwater at depth. Boldness was

scored as the time (s) spent out of contact with the ane-

mone. Sociability was measured as the number of non-

aggressive acts performed with conspecifics and included

meetings, soft touches of fins and submissive body shakes.

Aggressive interactions were the number of antagonistic

acts with conspecifics, and included biting and chasing.

Due to camera placement, some videos required cropping

in VLC to clearly visualize behaviors. This also allowed

for recognition of individual fish over consecutive days

based on their relative size and markings (Buston 2003).

Body size was estimated via the video recordings using the

ruler as a size standard, and this was used to assign a rank

based on relative body size (‘size rank’), with the largest

individual being designated rank 1, the second largest as

rank 2, etc. Whenever individuals could not easily be

recognized from the videos, they were excluded from

further analyses.

Statistical analysis

To compare behavior between the two species, a general

linear model was run using JMP v.11 with species as the

main effect, individual and group ID as random effects and

time spent in the anemone (s), number of social acts and

number of aggressive acts as response variables. Three

Fig. 1 a Study localities; b North Solitary Island (1.2 km long,

12.5 km offshore) and Amphiprion latezonatus (with eggs laid on

substratum); and c Lord Howe Island (9.6 km long, 590 km offshore)

and A. mccullochi. Photo credits: a Google Earth; b Adam Davey and

Ian Shaw; c Anna Scott. Crosses indicate the approximate filming

sites
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separate univariate models were conducted, one per

response variable. The number of social and aggressive

acts were corrected for the amount of time the fish was ‘in

sight’ in the recording. To normalize the data, time spent

outside the anemone (boldness) was reflected before

log ? 1 transformation, social acts 10 min-1 (sociability)

was log ? 1 transformed and aggressive acts 10 min-1

(aggression) was fourth root transformed.

The repeatability of boldness, sociability and aggression

was determined across the three days for both species to

compare the consistency of behavioral traits between spe-

cies. Following Nakagawa and Schielzeth (2010), linear

mixed effects models and restricted maximum likelihood

methods were used to estimate variance components and

repeatability. Individual ID was used as a random factor,

with size rank (ordinal factor, ranks 1–6), group size (or-

dinal factor, 2–7 individuals per group), anemone size

(continuous factor, 54–2340 cm2) and nearest-neighbor

distance (continuous factor, 1–7 m) as fixed effects. Sex

was not accounted for as it could not be definitively con-

firmed. Factors were progressively removed from the

models using backward stepwise elimination if they were

not significant (p[ 0.05).

When repeatable behaviors were found, we defined

possible personality trait dimensions (i.e., behavioral syn-

dromes) using principal components analyses (PCA). PCA

was conducted on the three variables (boldness, sociability

and aggression) for A. mccullochi only (as there was no

evidence for consistencies in any of the three behaviors for

A. latezonatus). The correlation matrix for A. mccullochi

indicated that sociability was weakly correlated with

boldness and aggression (r\ 0.3) and therefore sociability

was eliminated from further analysis. The Kaiser–Meyer–

Olkin (KMO) measure of sampling adequacy indicated that

sampling was acceptable (KMO = 0.5) and KMO terms

for individual terms were at the acceptable limit of 0.5.

Results

A total of 57 A. mccullochi from nine natural social groups

and 75 A. latezonatus from the same number of groups

were recorded. The median group size for A. mccullochi

was two (range 2–4) and four for A. latezonatus (range

2–7).

Overall levels of boldness, aggression and sociability

On average, A. mccullochi and A. latezonatus spent

525.2 ± 17.2 s (SE) (87.5%) and 505.5 ± 11.3 s (84.3%)

of time outside their anemones, respectively; the difference

in boldness was not statistically significant (F1,16 = 2.51,

p = 0.13). The number of aggressive acts by A. mccullochi

(1.7 ± 0.42 acts 10 min-1) and A. latezonatus (2.9 ± 0.48

acts 10 min-1) were also not significantly different

between species (F1,16 = 1.45, p = 0.25), including after

group size correction (F1,14 = 0.11, p = 0.73). Am-

phiprion mccullochi was less social (9.9 ± 1.71 acts

10 min-1) than A. latezonatus (18.9 ± 1.94 acts 10 min-1)

(F1,17 = 6.85, p = 0.02), but this difference was not

apparent after correcting for group size (F1,15 = 0.03,

p = 0.86).

Repeatability of behavior

For both species, the behavioral variance attributed to

intra-individual variation (Residual) was always significant

(95% confidence intervals did not overlap with zero;

electronic supplementary material, ESM, Tables S1 and

S2). On the contrary, behavioral variance attributed to

inter-individual variation (Individual ID) was not signifi-

cant with the exception of boldness and aggression for A.

mccullochi (ESM Tables S1 and S2). Concomitantly,

repeatability estimates for A. mccullochi showed high-ad-

justed repeatability for boldness and aggression (Table 1;

boldness: F16,38 = 2.47, p\ 0.01; aggression:

F18,38 = 4.42, p\ 0.001) but not for sociability (Table 1;

F8,38 = 0.84, p = 0.58). Amphiprion latezonatus showed

low-adjusted repeatability for boldness, sociability and

aggression (Table 1; boldness: F21,49 = 1.02, p = 0.46;

sociability: F21,49 = 0.65, p = 0.86; aggression:

F16,49 = 0.91, p = 0.56).

Influence of environmental and social factors

Amphiprion mccullochi was bolder in smaller groups

(F2,16 = 3.55, p = 0.05). Specifically, individuals in

groups of four spent less time outside the anemone than

individuals in groups of two (Fig. 2a). Individuals were

more sociable in larger groups (F2,8 = 6.28, p = 0.02),

and individuals in groups of three and four were signifi-

cantly more sociable than in pairs (Fig. 2b). Sociability

declined among lower-ranked individuals (F3,8 = 25.4,

p\ 0.001), with individuals of size ranks 3 and 4

Table 1 Repeatability scores (after backward stepwise elimination of

non-significant factors) for three behaviors (boldness, sociability and

aggression) for Amphiprion mccullochi and Amphiprion latezonatus

Species Boldness Sociability Aggression

Amphiprion

mccullochi

32.8* 0.0 53.3*

Amphiprion

latezonatus

0.87 0.0 0.0

* Indicates repeatability score is significantly different from zero

(p\ 0.05)
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significantly less sociable than ranks 1 and 2 (Fig. 2c). Fish

were less sociable as the distance to their nearest neighbor

increased (F1,8 = 8.32, p = 0.02). In contrast, aggression

of A. mccullochi was unrelated to any social or environ-

mental factor (Table 2; ESM Table S3).

Boldness and sociability of A. latezonatus were signifi-

cantly related to group size (boldness: F4,20 = 6.43,

p = 0.002; sociability: F4,20 = 17.3, p\ 0.001), although

no consistent patterns emerged (Fig. 3a, b). Aggression

was significantly related to size rank and group size (size

rank: F4,15 = 15.2, p = 0.001; group size: F5,15 = 15.8

p = 0.008), also with no consistent patterns (Fig. 3c, d;

Table 2; ESM Table S4).

Behavioral syndrome analysis

For A. mccullochi, one factor had an eigenvalue greater

than Kaiser’s criterion of 1 and explained 71.1% of the

total variance, and therefore, this component was retained

and the two other components eliminated (Table 2). The

variables that clustered on the same principal component

were boldness and aggression.

Discussion

Determining the extent and factors that influence the

repeatability of behavioral differences among animals is

critical to understanding individual fitness and population

processes, and thereby aids species conservation (Wolf and

Weissing 2012). In anemonefishes, a previous study

investigating the repeatability of behavioral differences in

A. ocellaris showed high repeatability in all behaviors

measured under a laboratory setting (Wong et al. 2013),

contributing to the growing consensus that consistent

individual differences in behavior are the norm in a wide

range of taxa (Bell et al. 2009). Our comparative field study

shows that some anemonefish lack personality. For both

species, there was behavioral consistency at the intra-in-

dividual level. For A. latezonatus however, there was low

inter-individual variation in behavior which resulted in no

significant repeatability for any of the behaviors scored. In

contrast, A. mccullochi also showed inter-individual dif-

ferences for boldness and aggression, as well as a behav-

ioral syndrome between these two behaviors. This study

has, therefore, addressed the relatively unexplored area of

in situ comparative analysis of personality traits and raises

the following intriguing questions: (1) why are certain

behaviors of species more repeatable than others? (2) why

are there differences between laboratory and field estimates

of repeatability? and (3) what social and environmental

factors influence variation in behaviors?

Fig. 2 Significant relationships between social and environmental

factors on a boldness (average time spent outside the anemone

10 min-1), b, c sociability (average number of non-aggressive acts

performed with conspecifics 10 min-1) for Amphiprion mccullochi.

Values are corrected for amount of time in sight, error bars are

standard errors, numbers above bars correspond to significant

differences (p\ 0.05)

Table 2 Component loadings of each of the two included variables

(boldness and aggression) and total variance explained by the first

principal component (eigenvalue = 1.42) for Amphiprion mccullochi

Behavior

(Amphiprion

mccullochi)

Principal component

PC1 (boldness-aggression)

Boldness -0.811

Aggression 0.814

Total variance (%) 71.1

Sociability was omitted owing to weak correlation with the other

variables
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An understanding of the selective advantages of

behavioral consistency or behavioral plasticity is needed to

explain why interspecific differences in repeatability exist.

The lack of inter-individual behavioral variation in A.

latezonatus (and hence low behavioral repeatability) may

be related to the more variable environment at NSI and

hence, the more variable social conditions experienced by

A. latezonatus. Specifically, A. latezonatus are found on

more exposed sites at NSI and are subject to large swell

and storm events that cause fluctuations in density

(Richardson et al. 1997), whereas A. mccullochi mainly

inhabit sheltered lagoonal habitats at LHI. While both

islands are subject to considerable seasonal temperature

variation relative to tropical climes and have similar annual

temperature ranges (average *17.5–26 �C), diel fluctua-
tions at LHI are less extreme than those at NSI (maximum

daily variation 2.8 vs. 4.2 �C, respectively) (Australian

Institute of Marine Science Data Centre, www.aims.gov.

au/docs/data/data.html). Therefore, we suggest that the

environmental fluctuations at NSI could erode inter-indi-

vidual variation in behavior, as all individuals would

benefit from responding in a similar way to the harsher

environmental conditions to survive and reproduce effec-

tively. Conversely, the more stable environment inhabited

by A. mccullochi could allow for the expression and

maintenance of greater inter-individual behavioral varia-

tion. Clearly, this explanation would require experimental

manipulations, including possible translocations, to provide

conclusive validation of this hypothesis. In any case,

variation in the extent of inter-individual behavioral dif-

ferences between taxa are not uncommon, with variation in

repeatability occurring among species (Bell et al. 2009),

among populations of the same species (Archard and

Braithwaite 2011), among individuals within a population

(Thomson et al. 2012) and among ontogenetic stages

(Polverino et al. 2016a). Furthermore, the causes of vari-

ation in the repeatability of behavioral differences relate to

factors such as temperature (Biro et al. 2010), size of

captive enclosures (Polverino et al. 2016b) and microhab-

itat (Pearish et al. 2013), highlighting the importance of

comparing the behavior of species inhabiting different

environments when determining repeatability.

Additionally, variation in social stimuli within the

environment could explain the differences in behavioral

repeatability between the two species to some extent. The

extraordinarily high density and semi-contiguous distribu-

tion of host anemones at NSI (Richardson et al. 1997;

Richardson 1999; Scott et al. 2011) is likely to increase the

likelihood that individual A. latezonatus interact with

conspecifics from outside their immediate social group,

disrupt social hierarchies and potentially displace individ-

uals from other groups, as seen in another subtropical

anemonefish species (A. clarkii; Moyer 1980). Indeed,

Fig. 3 Significant relationships between social and environmental

factors on a boldness (average time spent outside the anemone

10 min-1), b sociability (average number of non-aggressive acts

performed with conspecifics 10 min-1) and c, d aggression (average

number of the number of antagonistic acts with conspecifics

10 min-1) for Amphiprion latezonatus. Values are corrected for

amount of time in sight, error bars are standard errors, numbers above

bars correspond to significant differences (p\ 0.05)
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reduced stability of hierarchies has been shown to reduce

the repeatability of some personality traits (such as

exploration and activity) and disrupt behavioral syndromes

(Rudin et al. 2016). Thus, the enhanced mobility of A.

latezonatus could have reduced within-group hierarchy

stability, eroding the consistency of inter-individual

behavioral differences. Therefore, we hypothesize that

relative to tropical anemonefishes, which reside in very

stable social groups (Allen 1972; Ross 1978; Buston 2003),

the clustering anemones generally inhabited by subtropical

anemonefishes may have pre-disposed these species to

reduced consistency in inter-individual behavioral differ-

ences. Indeed, both subtropical species spent most of their

time outside their anemone habitat, opposite to the general

pattern found in the laboratory for the tropical species, A.

ocellaris (Wong et al. 2013). Comparison of the repeata-

bility of behavioral differences between tropical and sub-

tropical anemonefishes under natural ecological settings is

therefore needed to provide a more definitive understand-

ing of interspecific variation in personality traits in these

fishes.

Intuitively, we expected repeatability estimates to be

higher for fish under laboratory conditions than in the field,

owing to the relatively stable conditions. The repeatability

of behavior of the congener A. ocellaris in laboratory

conditions (Wong et al. 2013) was higher than or similar to

repeatability in field conditions (sociability of A. ocellaris

was 50.2 vs. 0% for A. latezonatus and A. mccullochi;

boldness of A. ocellaris was 30.4% relative to 0.9% for A.

latezonatus and 32.8% for A. mccullochi). Given that dif-

ferent species were assessed, it is hard to make inferences

about the effect of laboratory versus field environments.

However, a previous field study on the freshwater cichlid

Neolamprologus pulcher (Witsenberg et al. 2010) demon-

strated reduced repeatability and altered behavioral syn-

dromes relative to a laboratory study on the same species

(Bergmuller and Taborsky 2007). The within-context

behavioral variability of N. pulcher in the field was

attributed to their experience of daily variation in ecolog-

ical conditions (Witsenberg et al. 2010), lending support to

the suggestion that specific behaviors are sensitive to the

stability of the prevailing environment and, more generally,

that behavioral plasticity is tightly linked with environ-

mental stability. In contrast, a meta-analysis incorporating

results from a range of taxa found that behavior was more

repeatable under field conditions, a result that was attrib-

uted to an increase in the number of micro-niches in real-

istic ecological settings. These micro-niches were thought

to promote greater between-individual behavioral variation

(as opposed to greater intra-individual consistency) and

hence the repeatability of behavioral differences among

animals (Bell et al. 2009). However, this meta-analysis did

not compare laboratory and field study estimates of

repeatability within a given species, and therefore, pre-

dictions could be further refined if more research was done

on species responses to these different settings (but see

Laskowski et al. 2016).

Certain social and environmental factors are thought to

cause greater variability in behaviors than others (Bell et al.

2009). In this study, the behaviors of both species were

more sensitive to variation in social than environmental

factors. The two social factors, group size and size rank

explained significant variation in behavior for both species.

However, the directionality of the significant effect of

group size and size rank differed between the species. For

A. mccullochi, the trend was very clear, with individuals

being bolder and more sociable in larger groups, and more

sociable if they were more dominant within the group. One

potential reason for enhanced sociability of bolder indi-

viduals could be that the increased time spent outside the

anemone enabled them to interact with more conspecifics

from outside their current group. For A. latezonatus, there

was no obvious directional trend between group size and

size rank on behavior. The two environmental factors

measured, nearest-neighbor distance and anemone size,

largely did not explain variation in behaviors of the two

species, except for a decrease in sociability of A. mccul-

lochi with increasing distance to their nearest neighbor. It

is perhaps not surprising that behaviors of both species

were less responsive to environmental variation, given that

sea anemones are typically not as limiting as they are for

tropical anemonefishes (Buston 2003), and may therefore

potentially decouple any associations between behavior

and habitat availability.

In this study, there was a negative relationship between

boldness and aggression in A. mccullochi. The direction-

ality of this correlation differed from expected, that is,

bolder individuals are usually also more aggressive

(Huntingford 1976; Garamszegi et al. 2009; Colléter and

Brown 2011). Although positive relationships between

boldness and aggression have been reported in many spe-

cies, other studies have revealed that there can also be no or

a negative relationship between these traits (Bell 2005;

Dingemanse et al. 2007). While the ‘constraint hypothesis’

posits that boldness and aggression should be positively

related, the ‘adaptive hypothesis’ predicts either no or a

variety of possible correlations (Bell 2005). Hence, an

explanation for our finding is that the negative correlation

represents an adaptive response to the social and environ-

mental conditions faced by A. mccullochi. For instance, it

may be beneficial for anemonefish that are bold (and hence

spending more time at risk of predation outside the ane-

mone) to engage in less conspecific aggression while out-

side their anemone (which may detract from predator

avoidance or vigilance). In any case, elucidating the

selective pressures favoring a negative correlation is
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clearly beyond the scope of the current study, but certainly

represents a promising area of future investigation in

anemonefishes.

Overall, this study has shown interesting and unexpected

results when repeatable inter-individual differences in

behavior were compared between two taxonomically sim-

ilar yet ecologically different subtropical anemonefish

species. We suggest that differences in repeatability

between the species reflect contrasting environmental and

social conditions, and similarly, that differences in

repeatability in certain behaviors likely reflect a less rigid

social structure owing to more contiguous anemone dis-

tribution than for tropical anemonefishes. Even so, alter-

native explanations should not be ruled out given the

correlative nature of the study. For example, since smaller

and presumably younger individuals lived with the larger

breeding pairs in A. latezonatus groups (average group size

of A. latezonatus was larger than for A. mccullochi), and

given that age is related to behavioral repeatability (Pol-

verino et al. 2016a), the lower average age of fish in A.

latezonatus groups could account for some variation in

behavior. Another alternative is that life-history or physi-

ological differences between the two species, which have

been shown to influence the expression of personality traits

(Careau et al. 2008; Biro and Stamps 2008), could underlie

these differences; future work would be invaluable for

assessing these options. However, it is also possible that

environmental and social variation could have influenced

the evolution and potential divergence of life-history and

physiological traits, which in turn could influence behavior

(Tremmel and Müller 2013). Regardless of whether the

link between environmental and social variation and

behavior is direct or indirect, our findings are important as

the presence or absence of repeatability of behavioral dif-

ferences in a species may affect its ecology and evolution,

as well as persistence in the face of environmental change.

Traits such as boldness, for example, are likely to influence

mortality risks and fecundity (Biro and Stamps 2008),

which in turn may influence interactions with mutualistic

anemones (Schmiege et al. 2016) or population growth

rates and persistence (Wolf and Weissing 2012). Thus, the

profound differences in behavioral consistency in these two

endemic subtropical Australian anemonefishes could lead

to a disparity in their resilience to environmental or social

changes. Therefore, further in situ comparative investiga-

tions of the repeatability of anemonefish behavior would

help to elucidate the selective advantages of behavioral

consistency versus variability in relation to social and

environmental variables. Additionally, experimental

manipulations and phylogenetically controlled compar-

isons of personality traits among multiple anemonefish

species would enable a better understanding of their

potential responses to variations in their natural

environment.
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