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Abstract Animals are faced with a fundamental risk-

reward trade-off when making decisions about foraging in

the presence of predation, yet little is known about how

social, reproductive and environmental factors mediate this

trade-off. In the marine environment, anemonefishes pro-

vide a model system for investigating the determinants of

risk–reward trade-offs, because they live in size- and sex-

structured groups within protective sea anemones tentacles,

yet feed predominantly in the water column where they are

at risk of predation. Furthermore, exposure to changing

tides means the availability of planktonic food covaries

with their risk of predation. Therefore, we examined how

tide, sex and status, and the presence of eggs influenced the

time that Amphiprion mccullochi spent at different dis-

tances from their anemone, a proxy for foraging effort and

predation risk. We found that individuals significantly

adjusted their time spent far and close to the anemone

depending on the tide, status and the presence of eggs, and

that these adjustments can be explained in light of threat

sensitive behaviour. This study illustrates the relative

importance of environmental and social factors on

intraspecific variation in foraging and antipredator beha-

viour and bolsters our understanding of the decision’s

individuals make to balance the costs and benefits of for-

aging over temporal and spatial scales.

Keywords Anemonefish � Tides � Anti-predator �
Foraging � Hierarchy � Parental investment � Social rank;
social group

Introduction

Predation is a key selective force in the evolution of animal

behaviour, shaping numerous behavioural adaptations

relating to reproduction, sociality and foraging in a wide

range of taxa (Schneider 1984; Lima and Dill 1990; Sih

1994; Khater et al. 2016). With respect to foraging, animals

must weigh up the need to obtain food while minimising

risks of predation, a decision-making process that is further

complicated by the fact that predation pressure can vary

spatially and temporally (Schartel and Schauber 2016;

Palmer et al. 2017; Kohl et al. 2018). How individuals

might balance this risk–reward trade-off, whereby they

attempt to maximise their net energy intake, is explained in

optimal foraging theory (OFT). This theory was developed

to predict optimal diet, foraging path, patch choice and

optimal time allocation to different patches (Pyke et al.

1977). While OFT has been instrumental in guiding our

understanding of animal foraging, what is less clear is how

external factors, such as variability in predation threat, food

availability and social behaviour, interconnect and modu-

late this trade-off, and how those factors may differentially

affect individuals based on their traits (e.g. Lima and Dill
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1990; Kie 1999; Clement et al. 2016; Donelan and Trussell

2020).

Environmental, social and reproductive factors are

likely to influence the trade-off between foraging and

predation (Lima and Dill 1990; Kie 1999; Donelan and

Trussell 2020). For example, spatial and temporal vari-

ability in temperature and predator abundance influences

foraging behaviour in a tropical damselfish, which displays

reduced foraging when exposed to predators at high but not

low temperatures (Beck et al. 2016). Additionally, social

context, including social dominance, group size and com-

position, may modulate the behaviour of individuals (Lima

and Dill 1990). For example, dominant birds exclude more

subordinate individuals from access to feeding sites closer

to their protective shelters, demonstrating a key effect of

social rank (Schneider 1984). Further, reproductive factors,

such as relative parental investment, have been shown to

influence foraging decisions in relation to predation risk

(Lima and Dill 1990; Komdeur and Kats 1999). These

examples illustrate that individuals of many taxa can

respond to shifting environmental, social and reproductive

factors when deciding whether or not to forage. Therefore,

it is important to examine the relative roles of multiple

factors shaping the risk–reward trade-off to explain the

degree of behavioural variation in animals and extend

existing theory (Drakeley et al. 2015; Catano et al. 2017).

In shallow-water marine environments, tidal cycles and

associated changes in hydrodynamic conditions can

strongly influence the behaviours exhibited by organisms

(Gibson 1992; Kerford et al. 2008; Eggertsen et al. 2016).

Crucially, foraging opportunities and predation risk often

covary with tides (Eggertsen et al. 2016; Hansen et al.

2016; Udyawer et al. 2020). During high tide, an increase

in food due to tidal influx increases planktivore foraging

opportunities by fish; however, predation risk is simulta-

neously heightened because the substrate, a key protective

habitat for many benthic fishes, is more readily accessible

to predators in deeper water (Rypel et al. 2007; Armstrong

et al. 2016; Hansen et al. 2016). High tide can therefore

present rich opportunities for maximising energy intake,

but also increases exposure to predation, with the opposite

being true at low tide. As such, shallow-water marine

environments provide an excellent medium for investigat-

ing how this risk–reward trade-off may be modulated in

response to changes in environmental, social and repro-

ductive factors (Rypel et al. 2007; Hansen et al. 2016).

On coral reefs, anemonefishes (family Pomacentridae)

form an obligate symbiosis with sea anemones, yet gen-

erally feed in the water column (Fautin and Allen 1992).

When residing in their host anemone, they gain protection

from predation in the anemone’s nematocyst-laden tenta-

cles, whereas when feeding on planktonic food sources,

they potentially become more vulnerable. Anemonefishes

are therefore expected to face the classic trade-off between

foraging to maximise food intake while balancing the costs

of being predated. Threat-sensitive behavioural adjust-

ments in response to altered environmental, social or

reproductive contexts could thus be reflected by the time

that individuals spend feeding at different distances from

the anemone, as has been demonstrated in other taxa (e.g.

Schneider 1984; Lima and Dill 1990). The hypothesis

being that anemonefishes spending more time closer to

their anemones affords greater protection from predators,

but reduces opportunities to forage on plankton throughout

the water column.

In addition, anemonefishes form social groups that are

organised into size-based dominance hierarchies, wherein

the largest individual is the female (rank one), the second

largest the male (rank two) and all other individuals are

smaller non-breeding subordinates (rank three onwards)

(Buston 2003a; Buston and Cant 2006). Smaller individu-

als have been shown to suffer higher mortality (Buston

2003b), presumably because their small size increases

probability of death during a predatory encounter, which

would therefore potentially modulate the risk–reward

trade-off from foraging. Furthermore, anemonefishes lay

eggs close to the base of the anemone that are mainly cared

for by the male (Fautin and Allen 1992; Barbasch and

Buston 2018). While males would presumably have

reduced predation risks relative to smaller non-breeders

when foraging in the water column, a male’s ability to

forage far from the anemone would be reduced even at high

tide when food resources are more abundant owing to the

need for parental care. On the other hand, female and

subordinate anemonefish, being relatively emancipated

from parental duties (Buston and Elith 2011; Barbasch and

Buston 2018), may be able to forage further from the

anemone even when eggs are present, potentially taking

greater advantage of elevated food availability at high

tides.

To examine how environmental, social and reproductive

factors influence the risk–reward trade-off, we compared

the time that Amphiprion mccullochi Whitley 1929 spent

foraging at different distances from its sea anemone habi-

tat. Specifically, we evaluated the effects of tidal cycles

(environmental factor) on foraging-related behaviours, and

how the effects of tides might be modulated by social (rank

and hence body size) and reproductive (presence of eggs)

factors, we compared time spent foraging at different dis-

tances from the anemone. We predicted that individuals

would be capable of assessing risk and reward, and that the

amount of time that individuals spent foraging at different

distances from the anemone would be vary in response to

the tested variables.
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Materials and methods

This study was conducted at Far Flats, Lord Howe Island,

New South Wales, Australia (31�3104600S, 159�0402900E)
between 20 and 28 January 2019. Using SCUBA, nine

social groups of A. mccullochi were haphazardly located

between 0.2 and 2.5 m depth. Groups contained two

breeding adults (breeder female and male) plus three to six

non-breeding subordinates (mean and SE group size =

6.1 ± 0.3). All fish resided in clusters of the host sea

anemone, Entacmaea quadricolor.

Behavioural observations

Each group was filmed for 20 min each day by three divers

across three consecutive days at both low tide (days 1–3,

tidal height 0.4–1 m) and high tide (days 7–9, tidal height

1.5–2.5 m). On each occasion, filming was only done in the

afternoon to control for any potential diurnal effects on

behaviour (Catano et al. 2017). Groups were filmed using

GoPro cameras (models: 3 ? , 5 and 7) on the same set-

tings (960 resolution, 60 frames s-1 and wide field of view)

that were mounted on weighted stainless-steel tripods

50 cm above the substrate. To achieve the same field of

view, marked weights were left on the substrate near each

group and the tripods were directly placed above the

marker during filming. To ensure that filming commenced

at the same time before the peak of the tide each day (either

low or high), the divers placed video cameras at all groups

approximately 10–15 min before the tidal peak. Once

video recording commenced, the divers moved at least

10 m away and returned after filming was completed to

minimise disturbance.

Footage was viewed using VLC media player and

behavioural traits for each focal fish scored by LA. Of the

20 min of video footage, the first 2 min was disregarded to

allow the fish to acclimatise to the camera, and the fol-

lowing 10 min was analysed (following Wong et al. 2017).

When individuals could not be observed in the field of view

and were not within the habitat, additional footage was

analysed to try and achieve 10 min of observed behaviour

per focal fish. However, if fish were unable to be scored for

this duration because they were out of view, the scored

behaviours for a given time observed were scaled up to

represent 10 min. This occurred during six of the 54

observations and for each there were at least 300 s of

recorded behaviour.

Wherever possible, the behaviour of the breeder female

and male (i.e. rank 1 and 2, respectively), and the two

smallest non-breeding subordinates were scored per group.

Specifically, we scored (i) time spent within habitat (s), (ii)

close to habitat and (iii) far from habitat, with time spent

within these three zones used as proxies for threat-sensitive

foraging behaviour (Fig. 1). Within habitat was defined

when a fish was in contact with an anemone or was shel-

tering within the associated substratum, as sometimes it

was not possible to differentiate from the videos whether a

fish was in its anemone or just in the associated substrate

(Fig. 1a). Time spent close was defined as when an indi-

vidual was within two total body lengths of an anemone or

associated substratum (Fig. 1b). Time spent far from

habitat was scored as the time spent greater than two total

body lengths away from an anemone or associated sub-

stratum (Fig. 1c). The presence of anemonefish eggs was

also noted in situ, as well as in each video. In total, five

groups had eggs at some point during the study, and one

group had eggs for the entire time (Online Resource

Tables S1 and S2).

Statistical analysis

Time spent in the three habitat zones was studied in

response to the effects of three factors of interest: tide,

breeding status and egg presence by fitting linear models.

Time in each zone is subject to a sum constraint so that

more time in one zone must be compensated by less time in

the others. This constraint was removed by transformation

to log-ratio scale as follows, where in habitat, close to

habitat and far from habitat represent time (s) in each zone:

Close to habitat : YClose ¼ log
Close

InHabitat

� �

Far from habitat : YFar ¼ log
Far

InHabitat

� �

Therefore, a negative close to habitat log-ratio means

that less time was spent close than within the habitat, and

vice versa for positive log ratio. Similarly, a negative far

from habitat log-ratio means that less time was spent far

than within the habitat, and vice versa for positive log-

ratio. Aitchison (1986) showed that these constructed

variables can be studied independently and statistical

inference is independent of baseline choice. Furthermore,

inverse transformation of estimates back to proportion of

time in each zone will obey the sum constraint. Positive

values of the transformed variables indicate more time in

the alternate zone than in habitat, while negative values

indicate more time in habitat. All observed times were

incremented by 1 s to accommodate two observations of

habitat = 0.

Linear models were fitted to describe each transformed

variable in response to tide (high, low), breeding status

(male, female, non-breeder), egg presence (yes, no) and all

interactions. Group size (number of fish) was added as a

covariate and later excluded from the models owing to non-
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significant effects (most probably due to the limited range

of group sizes (five to eight individuals). The models

included random effects to accommodate the nested sam-

pling structure of days within groups and the repeat mea-

sures on each fish.

An analysis of variance was constructed from each

model and terms failing to account for significant variation

(F-ratio exceed 5% critical value) were excluded. Esti-

mates of the expected log-ratio for each group of fish as

classified by breeding status, egg presence and tide with

95% confidence intervals were obtained from the final

models and post hoc statistical comparison between

specific pairs of estimates made by Tukey’s test. The

estimates were inverse transformed to proportion of time

spent in each zone and presented in a ternary plot to aid

data visualisation.

The data analysis was conducted in the R environment

(R Core Team 2021) with particular use of the packages

lme4 (Bates et al. 2015) and emmeans (Lenth 2021) for

modelling and estimation.

Results

Time spent close relative to within habitat

A total of eight breeder females, six breeder males and 13

non-breeding subordinates were filmed and scored from

nine groups of A. mccullochi (Online Resource Tables S1

and S2).

When examining the ratio of time spent close to habitat

relative to within the habitat (i.e. mean log habitat: close),

statistically important effects of breeding status, egg pres-

ence and the interaction between breeding status and tide

were detected on log-preference for time in the close zone

(Table 1). These effects were largely driven by all group

members spending more time in the habitat when eggs

were present versus absent (Figs. 2 and 3; Online Resource

Table S3). Additionally, non-breeders in particular spent

more time close to the habitat relative to within the habitat

at high tide compared to low tide (Figs. 2 and 3; Online

Resource Table S3). A likelihood ratio test for the random

group variance parameter showed it was not significantly

different from zero (p = 0.2).

Time spent far relative to within the habitat

When examining the ratio of time spent far relative to

within the habitat (i.e. mean log habitat: far), statistically

important effects of breeding status, egg presence and tide

were detected on log-preference for time in the far zone

(Table 1; Figs. 2 and 4). All individuals spent less time far

at low tide compared to high tide, breeder females and

males spent more time far than non-breeders, and all group

members spent less time far when eggs were present

compared to absent (Figs. 2 and 4; Online Resource

Table S4). A likelihood ratio test for the random group

Fig. 1 Anemonefish were scored as time spent (a) within habitat;

when in contact with an anemone or within the associated substratum

(b) close; when within two total body lengths of an anemone or

associated substratum and (c) far from habitat; when greater than two

total body lengths away from an anemone or associated substratum

Table 1 The effects of social and environmental variables on the

time spent within habitat and close to habitat of breeder female,

breeder male and non-breeder Amphiprion mccullochi

Fixed effect df F P

Tide 1, 44.320 3.4056 0.0717

Sex 2, 17.557 5.3193 0.0156

Eggs 1, 36.964 8.9796 0.0049

Sex 3 tide 2, 97.506 5.2541 0.0068

Significant differences are in bold
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variance parameter indicated the term was statistically

important (p = 0.05) (Table 2).

Discussion

The need to reduce predation risk while maximising for-

aging efficiency is a central determinant of behaviour in

most animals, and to this end, many studies have assessed

foraging decisions of animals under predation threat (e.g.

Sih 1982; Lima and Dill 1990; Olson et al. 2015). How-

ever, relatively few studies have examined the simultane-

ous effects of social, reproductive and environmental

factors (but see Hansen et al. 2016; Catano et al. 2017), and

thus our understanding of the factors governing variation in

the risk–reward trade-off is limited, especially in the field.

Here we show that anemonefish social rank, the presence of

eggs and changes in tide altered the time they spent at

different distances to the shelter of their host sea anemone.

This suggests that risk–reward trade-offs can be altered in

response to the interplay of social, reproductive and envi-

ronmental factors in the marine environment.

In anemonefish groups, breeder females and males are

the two largest group members and as a result experience

the lowest risks of mortality compared to non-breeders

(Buston 2003a). Not surprisingly, we found that breeder

females and males spent more time far from the anemone

(rather than within it) than non-breeders. Other studies

examining foraging in social reef fishes have also found

that larger, higher-ranked dominants typically forage

Fig. 2 Ternary plot to show the estimated means and individual

observations for percentage of time spent by female, male and non-

breeder Amphiprion mccullochi within habitat (H), close (C) and far

(F) from sea anemone or associated substratum during high and low

tide, with eggs present and absent

Fig. 3 Estimated mean log-ratios of time spent close: time spent in habitat by female, male and non-breeder Amphiprion mccullochi during high

and low tide, with eggs present and absent. Vertical bars span 95% confidence intervals about the mean
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further from protective coral habitat than subordinates, and

are therefore the first to encounter prey arriving with the

current (Coates 1980; Forrester 1991). From the breeder

female’s perspective, fecundity is typically size-limited

(Wootton 1979), and female reproductive success is related

to growth and size (Buston and Elith 2011). Therefore,

breeder females would benefit more from foraging further

to grow and produce more eggs. Given that the breeder

males are the second largest group member, they also

experience relatively low predation risk. Hence they can

afford to spend more time far relative to within the habitat

than their smaller non-breeders. However, males spent

slightly less time far away from the habitat than females,

which may be related to the fact that male reproductive

success is unrelated to male size (Buston and Elith 2011),

reducing the benefits to males of riskier foraging. Non-

breeders, being the smallest fish within the group and

therefore experiencing highest risks of mortality (Buston

2003b), spent the least time far from the habitat. By staying

close to and seeking refuge within their anemone, non-

breeders reduce predation risk, as demonstrated in many

other small-bodied coral reef fishes (Hixon and Beets 1993;

Holbrook and Schmitt 2002). Although consistent shelter-

ing may restrict non-breeder growth, these subordinates

must regulate their growth to remain smaller than their

immediate dominants anyway (Buston 2003a; Buston and

Cant 2006). As such, social growth regulation coupled with

an elevated risk of predation could account for why non-

breeders spent the least time far from the habitat.

All individuals spent less time away from the habitat

(both far and close) when eggs were present. Therefore,

this key reproductive factor has a strong influence on the

risk–reward trade-off for all group members. In anemone-

fishes (and fishes in general; Gross and Sargent 1985),

males provide the majority of parental care which involves

substantial tending, mouthing, fanning and guarding of

eggs (Green and McCormick 2005; Barbasch and Buston

2018). For example, male A. melanopus spend significantly

more time (2–4 times) actively tending to the eggs than

females (Green and McCormick 2005). As male repro-

ductive success is not correlated to body size (Buston and

Elith 2011), males could further trade-off foraging for

growth in favour of parental investment when eggs are

present. Conversely, when eggs are absent, males could

spend more time away from the anemone feeding in

preparation for the next round of paternal duties to enhance

future breeding success. As such, the reduced time spent

far and close to the habitat (relative to within it) when eggs

were present was not surprising for males. For breeder

females, the finding that they too spent less time away from

the habitat relative to within when eggs were present could

indicate that some level of maternal care was being pro-

vided, which has been demonstrated for A. melanopus and

A. percula (Green and McCormick 2005; Barbasch and

Buston 2018). Alternatively, females may potentially assist

Fig. 4 Estimated mean log-ratios of time spent far: time spent in habitat by female, male and non-breeder Amphiprion mccullochi during high

and low tide, with eggs present and absent. Vertical bars span 95% confidence intervals about the mean

Table 2 The effects of social and environmental variables on the

time spent within habitat and far from habitat of breeder female,

breeder male and non-breeder Amphiprion mccullochi

Fixed effect df F P

Tide 1, 46.038 16.265 0.0002

Sex 2, 17.460 13.843 0.0003

Eggs 1, 44.511 19.841 < 0.0001

Significant differences are in bold
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with protecting clutches of eggs and hence may spend less

time away from habitat, although this possibility requires

further testing.

On the other hand, the reason why non-breeders spent

less time away from the habitat when eggs were present is

less intuitive, as anemonefish are not known to exhibit

alloparental care (Taborsky and Wong 2017). Furthermore,

experimental removal of subordinate non-breeders does not

enhance breeder survival, growth or reproductive success

(Buston 2004). However, removing subordinate non-

breeders confounds both the removal of costs and benefits

that subordinates may provide to the dominants (Wong and

Balshine 2011), hence the lack of change in dominant fit-

ness may mask any benefits that subordinate actions could

be providing dominants. Therefore, it is important to

quantify the types of behaviours that subordinates engage

in when eggs are present versus absent (e.g. massaging and

cleaning the anemone, aggressively chasing or biting

heterospecific competitors, potential eggs predators or

anemone predators), to conclude whether or not subordi-

nates may be directly or indirectly assisting with care.

Alternatively, subordinates could simply have spent less

time far when eggs were present because they were

copying the behaviours of their larger group members,

preferring to stay close to them to enhance group cohe-

siveness and reap the benefits of doing so (Ioannou et al.

2011, 2017; Paijmans et al. 2019). Furthermore, individuals

may display consistency in behavioural traits, as has been

shown in other anemonefishes (Wong et al. 2013, 2017;

Barbasch & Buston 2018) and in A. mccullochi with

respect to boldness and aggression (Wong et al. 2017),

which may explain variation in behaviour. However, rank

and group size were still important determinants of both

these behaviours (Wong et al. 2017), suggesting rank is

likely to play a key role. In any case, this study is the first

to our knowledge to demonstrate altered subordinate

behaviour in the presence of eggs, the underlying reasons

need further investigation.

In addition to social and reproductive factors, the envi-

ronmental factor, tidal cycle, was related to the time spent

at different distances from the anemone, although more

nuanced. At high tide, breeder females, breeder males and

non-breeders spent more time far from habitat (relative to

within) compared to low tide. Given that high tide is typ-

ically associated with greater predation risk (Motro et al.

2005; Rypel et al. 2007), this suggests that all group

members took a risk to forage away from shelter at high

tide when presumably more planktonic food was available.

When considering time spent close to the habitat, there was

no substantial change in breeder females and males, but

non-breeders increased the amount of time spent close to

the habitat at high tide compared to low tide. This suggests

that non-breeders, facing higher predation risk, forage at an

optimal rate by leaving but staying close to the anemone at

high tide. In contrast to the other group members which

foraged at an optimal rate by travelling further from the

habitat at high tide. Again, this suggests that status, body

size and associated predation risk plays a clear role in

modulating the risk–reward trade-off experienced by

anemonefishes.

The finding that A. mccullochi shows threat-sensitive

behaviour in relation to social status, reproductive and

environmental factors, is novel and consistent with other

studies investigating tidally-mediated behaviour in coral-

reef fishes. Most notably, Hansen et al. (2016) reported that

a greater proportion of the coral-dwelling damselfish,

Dascyllus aruanus, emerged from their coral following a

predation scare during high tide compared to during low

tide. This suggests that habitat-specialist reef fishes adjust

their behaviour in response to increased foraging oppor-

tunities at high tide. Additionally, Hansen et al. (2016)

demonstrated that emergence times were influenced by

group size, with a greater proportion emerging in larger

groups, presumably owing to greater protection afforded

from predators. Furthermore, fish have been shown to alter

their foraging and antipredator behaviour according to a

key temporal environmental rhythm, the diel cycle and

time of day (Gibson et al. 1996; Metcalfe et al. 1999;

Hindell et al. 2000; Catano et al. 2017), whereas in the

current study, any behavioural differences due to time of

day was controlled for by only observing fish in the

afternoon. Therefore, future research on anemonefish for-

aging and predation behaviour should explore the concur-

rent effects of diel and tidal cycles, as well as longer term

seasonality effects, for a deeper understanding of the

interactions between multiple factors on the risk–reward

trade-off.

Animals are confronted with a fundamental risk–reward

trade-off between the benefits of foraging to increase fit-

ness versus the cost of predation threat (Pyke et al. 1977).

To our knowledge, this is the first study to demonstrate

anemonefish as compelling models to examine the influ-

ence of tides, social and reproductive factors on the trade-

off between foraging and antipredator behaviour. Our

findings highlight the importance of the potential and

interacting role of multiple factors that may ultimately

affect the survival and reproductive success. Considering

interindividual variation in behaviour would be an impor-

tant next step, in addition to the role of varying social

conflicts described in detail in anemonefishes (e.g. Buston

& Cant 2006; Wong et al. 2016) on the risk–reward trade-

off. Understanding these relationships can also help us

understand the impacts of living in increasingly stressful

habitats, such as under conditions of climate change, on

optimal foraging behaviour, which in turn can be invalu-

able for conservation and management of social species.
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Supplementary InformationThe online version contains

supplementary material available at https://doi.org/10.1007/s00338-

022-02240-z.
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