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A B S T R A C T

Habitat structure may reduce predation risk by providing refuge from predators. However, individual beha-
vioural differences (i.e. aggression, shyness/boldness) may also cause variation in competitive ability or toler-
ance of predation risk, resulting in differences in habitat preference. We manipulated habitat structure to explore
the role of predation risk on foraging success, aggression and habitat use in an ideal free distribution experiment
using the convict cichlid (Amatitlania nigrofasciata). Groups of four same-sized fish competed for food in two
patches that differed in habitat complexity, with and without exposure to a predator model; all fish were then
given a series of individual behavioural tests. Fish showed repeatable differences in dominance status, foraging
success, aggression and habitat use over the 14-day trials. Dominants always preferred the complex habitat,
while subordinates used the open habitat less after exposure to a predator model. Although an equal number of
fish were found in either habitat in the absence of a predator, dominants appeared to exclude subordinates from
the complex habitat, supporting an ideal despotic distribution. The individual behavioural assays predicted
habitat use, but not foraging success or dominance; fish that were aggressive to a mirror were more frequently
found in the open habitat during the group trials.

1. Introduction

The presence of physical structure often results in a decreased risk of
predation (i.e. Almany, 2004; Geange and Stier, 2010), decreased vis-
ibility (Clayton, 1987; Eason and Stamps, 1992) and may also impede
or slow movement (Radabaugh et al., 2010; Deboom and Wahl, 2013;
Loss et al., 2015). Consequently, predator foraging rates for actively
searching predators are often lower in structurally complex habitats
(Gotceitas and Colgan, 1989; Warfe and Barmuta, 2004), and are often
preferred by prey seeking refuge (Russo, 1987; Olsson and Nyström,
2009). Conversely, the opposite response occurs for prey of ambush
predators (Martin et al., 2010), as the foraging success of these pre-
dators tends to increase in complex habitats (Eklöv and Diehl, 1994;
Flynn and Ritz, 1999). However, since prey species may also have re-
duced foraging success in complex habitats, habitat choice often reflects
trade-offs between foraging and predator avoidance (Werner and Hall,
1988; Gotceitas, 1990; Jordan et al., 1997; Zamzow et al., 2010). Ha-
bitat structure may also decrease the ability of dominant individuals to
defend and monopolize resources (Basquill and Grant, 1998; Sundbaum
and Näslund, 1998; Gibb and Parr, 2010), including territories (Eason
and Stamps, 1992), which may result in dominants preferring open
habitats when predation risk is low (i.e. Hamilton and Dill, 2002;

Höjesjö et al., 2004).
Trade-offs between competition and risk may also underlie beha-

vioural traits, such as boldness and shyness. Bold individuals take
greater risks to achieve greater foraging success, while shy individuals
forgo feeding for an increased chance of survival (Gotceitas and Colgan,
1990). Similarly, aggression increases both competitive success and
conspicuousness to predators (Lima and Dill, 1990; Jakobsson et al.,
1995). However, the foraging success of aggressive or highly competi-
tive individuals may also be modified by their relative frequency
(Giraldeau and Dubois, 2008). Aggressive or competitive individuals
tend to achieve greater foraging success when relatively rare, while
weaker competitors may obtain greater success in the presence of many
aggressive or highly competitive individuals if they adopt an alternative
foraging strategy, such as sneaking food while dominants fight (Dubois
et al., 2004). As predation tends to be higher in open habitats (i.e.
Nelson and Bonsdorff, 1990; Hovel and Lipcius, 2001), individual dif-
ferences in boldness or aggression may also predict individual differ-
ences in habitat preference.

The ideal free distribution (IFD) predicts the distributions of in-
dividuals within a group, based on the distribution of resources, such as
food (Fretwell, 1972; Parker and Sutherland, 1986). As the IFD assumes
ideal knowledge of patch quality and freedom of patch choice,
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deviations from the ideal free can indicate a loss of freedom of patch
choice. Lack of choice may arise from the aggressive behaviour of
conspecifics (Andren, 1990; Calsbeek and Sinervo, 2002), resulting in
resource monopolization and an ideal despotic distribution (IDD;
Fretwell, 1972). Alternatively, the lack of an apparent IFD may occur as
a behavioural response to mitigate the risk of predation (Lima and Dill,
1990; Heithaus and Dill, 2002). Convict cichlids (Amatitlania ni-
grofasciata) can exhibit both an IFD and an IDD, depending on the de-
fendability of resources in the environment (Grand and Grant, 1994b).
In this study, we use the IFD/IDD framework to examine the role of
simulated predation risk and personality on foraging success, aggres-
sion, and habitat use in the convict cichlid, a fish that exhibits ag-
gressive behaviour when competing for food (Grand and Grant, 1994a).
We predict that dominance status within each group will be determined
by size and personality. Although we selected fish of similar size for
each group, minor differences in body size (e.g. 1.3–5.6%) may still
determine dominance status (e.g. Keeley and Grant, 1993). Personality
traits like aggression and boldness, as observed during individual be-
haviour tests, are also associated with dominance (e.g. Colléter and
Brown, 2011; David et al., 2011).

In this experiment, groups of four fish competed for food in two
patches, one each in an open and structurally complex habitat, with and
without prior exposure to a predator model. In the no-predator treat-
ment, resource defence theory predicts dominant competitors will
prefer the open habitat, in order to more easily defend and monopolize
food, consequently driving subordinates into the complex habitat.
Alternatively, the asset-protection principle (Clark, 1994) predicts that
dominant competitors will prefer the complex habitat due to a beha-
viourally robust anti-predator strategy which commonly occurs in lab
environments, whereby antipredator behaviour is generalized to si-
tuations where predators are not present (sensu Clark and Mangel,
1986), and force subordinates into the open habitat. In the predator
treatments, the dominants will be less willing to engage in risky ag-
gressive behaviour, and will likely prefer the complex habitat. In
summary, we expect that deviations from an ideal free distribution will
be driven either by a preference for the open habitat, to maximize
foraging success, or for the complex habitat, to minimize risk, and by
despotic behaviour by dominants. We tested the predictions that 1)
foraging success, 2) aggression, and 3) use of the open habitat, will all
decrease following exposure to a predator model, and that 4) bold, and
5) aggressive fish will prefer the open habitat.

2. Material and methods

In the wild, convict cichlids are generalist omnivores (Yamamoto
and Tagawa, 2000) native to the freshwater lakes and streams of Cen-
tral America (Wisenden, 1995). Juveniles and non-reproductive fish
tend to prefer structurally complex habitats, usually woody or rocky
sites which provide shelter (Conkel, 1993; Yamamoto and Tagawa,
2000). Although they do not defend feeding territories in the wild, ju-
veniles can be easily manipulated to do so in an aquarium, depending
on the defendability of the food source (Grand and Grant, 1994a).

Fish were held in three stock tanks (l x w x h=61.5 cm x 31.5 cm x
33.5 cm) containing dechlorinated tap water, gravel to a depth of 3 cm,
an aquarium heater, plastic plants, and flowerpots, for a minimum of
two weeks before being used in an experiment. Fish were held at ap-
proximately 23 °C, set on a 12:12 light/dark cycle, and were fed com-
mercial fish flakes (Nutrafin® Max Tropical Fish Flakes). Four juvenile
fish of similar body size (see below) were selected for each of 15 ex-
perimental groups (range=0.19–3.03 g); to differentiate between
group members, fish were tagged subcutaneously with a small amount
of elastomer in pink, red, or green in either the cephalic, dorsal, or
caudal region with an insulin syringe. No injuries or mortalities oc-
curred as a result of the tags, while fish appeared to fully recover within
a few minutes. All fish were weighed to the nearest 0.01 g at the be-
ginning and end of the group trials, as well as after the individual

behavioural assay, and were returned to stock tanks after the comple-
tion of the experiments. Fish were individually tested following the
group trials, as we did not want to risk increasing behavioural distress
and possibly inducing abnormal behaviour within the groups by testing
before the group trials. The primary focus of the study is on individual
behaviour within a group, with the individual nested within the group
as the experimental unit. To minimize our use of animals, we used a
total of 40 fish; 20 were used once and 20 were used twice in the ex-
periments for a total of 15 groups (15× 5=60), but the same group of
four fish were never reused. As the identity of the dominant depends on
the particular dynamics within each group (Graham and Herberholz,
2009), we expect that the dominance status of individual fish may differ
between groups, depending on the identities of the other group mem-
bers. All reused fish were given a latency period of 8–12 weeks between
trials, a time period which allowed for substantial growth and beha-
vioural changes to occur in another species of cichlid (Cichlasoma ci-
trinellum; Francis, 1990). All group members, including previously
tested fish, were individually behaviourally typed the week following
participation in a group trial. As developmental stage is often a more
important behavioural determinant than chronological age (Noakes,
1991), and all fish remained juveniles for the duration of the experi-
ment and did not engage in any mating behaviour, minimal, if any
ontogenetic changes were expected to occur during the two to three
weeks of the study period.

2.1. Feeding treatment

Two experimental tanks (l x w x h=91×46×39 cm) were set up
with a gravel substrate, a heater, and an air stone, and were divided
into two regions. One half of the tank was left as is (“open habitat”),
while four well-spaced small plastic plants, with an approximate height
and diameter of 7×1 cm, were placed in the right half of the tank
(“complex habitat”), which also contained the heater and air bubbler. A
group of four fish was placed into an experimental tank after being
tagged and weighed; trials began 24 h later, and were conducted over a
two week period. To determine growth, all fish were weighed again at
the end of the trial.

Groups were randomly assigned to one of three treatments: 1) daily
exposure to a predator model in the first week with no predator ex-
posure in the second week, 2) daily exposure to a predator model in the
second week with no predator exposure in the first week, or 3) no ex-
posure to a predator model in either week. In the predator treatments, a
wolf cichlid model (Parachromis dovii; l x w=13×6 cm), a common
predator of convict cichlids in the wild (Wisenden and Keenleyside,
1992), attached to a metal stick (28 cm), was moved around the entire
tank by the experimenter at approximately 1 body length per second for
a period of 30 s (Supplementary Fig. 1), and food was offered 15min
later.

Each week, feedings were conducted every day for five consecutive
days to “train” the fish, and data were collected on the 6th and 7th
days, with a total of four days of observation. Previously frozen mysis
shrimp were preloaded into 3mL syringes, one per syringe, and
dropped into both habitats simultaneously every 20 s by an assistant for
an 8-minute period. Fish were observed throughout the 8-minute
feeding period and for 5min afterward, for a total of 13min. Food was
present during all 13min of observation (see below). During the ob-
servations, the identity of the fish that consumed each food item was
recorded, as were all fish observed chasing or being chased. The habitat
choice of each fish (i.e. open vs complex) was also noted every 30 s.
Within each group, the most aggressive fish was labelled as dominant,
while the remaining fish were classified as subordinates. Each treat-
ment was replicated 5 times, for a total of 15 trials. Out of the 50 total
food items provided per trial, the identity of the fish which consumed
each food item was able to be determined for a mean of 39.3 ± 2.03
food items of each trial; typically this occurred shortly after the food
was provided. The remaining food items were usually consumed by
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unidentified fish, during unobserved foraging events. Only food items
consumed by identified fish were used to determine the proportion of
food consumed by each of the four fish per trial, which was subse-
quently used as a measure of competitive weight for each fish (sensu
Grand and Dill, 1997).

2.2. Individual behavioural assay

Individual behavioural trials were conducted after the completion of
the group trials (range= 0–3 days). Fish were netted in haphazard
order from their experimental tank, and placed into one half of a small
tank (l x w x h=30.4×13.4×20.8 cm) containing a heater and an air
stone, divided lengthwise by a piece of black Plexiglas. Fish were held
for 48 h before testing to reduce visual signs of behavioural distress and
facilitate normal behaviour. All tests of an individual were conducted
consecutively on the same day, in the same order, with approximately
15 to 30min between each test. Fish were weighed and returned to a
stock tank following the completion of the behavioural tests.

Test 1: Time to emerge
After the acclimation period, the Plexiglas divider was raised ap-

proximately 10 cm off the floor of the tank, allowing access to the
second half of the tank. The latency of the fish to swim past the divider
into the other side was recorded, to a maximum of 10min. The divider
was completely removed following the test.

Test 2: Novel food
A small pinch of crushed commercial dry cat food (Meow Mix®

Original Choice) was sprinkled into the tank above the focal fish. The
latency to begin feeding and the total number of bites taken were noted
over a period of 10min. Uneaten food was removed with a dipnet
following the test. Fish reacted minimally, if at all, to the dipnet.

Test 3: Mirror test
A mirror was placed against the outside wall of the test aquarium in

view of the focal fish, and its behaviour was recorded for 10min. Unlike
Höjesjö et al. (2004, 2011), however, the mirror was not placed inside
the tank to minimize disturbance of the fish. The initial reaction to the
mirror (Supplementary Table 1), and distance and orientation relative
to the mirror was noted every 10 s, as well as the number of lateral
displays, chases towards the mirror, mouth wrestling attempts (Keeley
and Grant, 1993), and head down displays (Sopinka et al., 2009). The
mirror was removed after the completion of the test.

Test 4: Intruder test
A conspecific visually assessed to be of the same size as the focal fish

was captured from a stock tank, placed within a small transparent
plastic cup (height: 10.5 cm, diameter: 7.5 cm) with a mesh cover
weighed down by 2.5 cm of gravel, and slowly lowered into the test
aquarium, as far as possible from the focal fish (see Bell and Stamps,
2004). The initial reaction of the focal fish (Supplementary Table 1) and
its latency to approach the intruder were recorded, as well as its dis-
tance and orientation toward the intruder every 10 s. The total number
of lateral and head down displays, chases, and mouth wrestling at-
tempts were also recorded throughout the 10min trial. The intruder
was removed from the tank and measured following the test (mean
length difference± 95% C.I.: 10.29%±2.11%).

Test 5: Aquatic predator model
A different predator model was used in the individual trials to avoid

any possible effects of habituation to the wolf cichlid model used during
the group trials. A plastic model of a larger, allopatric cichlid species,
the yellow lab (Labidochromis caeruleus; 11 cm x 8 cm) was slowly low-
ered into the test aquarium, as far as possible from the focal fish. The
initial response to the predator model, the latency to approach and the
number of approaches of the focal fish were recorded, as was the dis-
tance and orientation relative to the predator every 10 s. After 10min,
the predator slowly approached the focal fish at a swimming speed of 1
body length per second then retreated, and the reaction was recorded
(Supplementary Table 2). The predator model was removed following
the completion of the test.

Test 6: Aerial predator model
A circular piece of opaque cardboard (diameter: 16 cm) was passed

back and forth over the top of the aquarium, equivalent to a swimming
speed of 1 body length per second, to mimic the shadow of a predator
passing overhead. The response of the focal fish (Supplementary
Table 2), and any changes in behaviour were recorded.

2.3. Statistics

2.3.1. Group trials
Mixed models were constructed using the package ‘lme4′ (Bates

et al., 2014) to compare the effects of the predator treatments and in-
dividual behaviour on foraging success, aggression, and habitat choice
during the group trials. Three sets of models were constructed with
proportion of time in the open habitat, proportion of food consumed,
and number of chases as the response variables, while predator treat-
ment, dominance status, and tag site were included as fixed effects. Fish
ID, trial, observation day, and week were used as random effects, to
account for the repeated measures, while ID was nested within group
for the analysis, due to the structure of the data (Bates, 2010). The
statistical significance of each predictor variable, and any interactions
between them, were obtained from an analysis of variance of the final
models using the ‘lmerTest’ package (Kuznetsova et al., 2016). Re-
peatabilities for individual differences in foraging success, chasing, and
habitat choice were then calculated from the four days of observation
using the ‘rptR’ package, which uses estimates from parametric boot-
strapping to calculate confidence intervals (Stoffel et al., 2017).

Growth during the group trials was determined by the formula for
specific growth rate:

SGR = (loge Mfinal - loge Minitial)/t

with mass (M) measured in grams, and time (t) measured in days
(Ricker, 1975).

2.3.2. Individual behavioural assay
Principal component analyses were conducted using the package

‘FactoMineR’ in R (Le et al., 2008) to reduce the behavioural measures
obtained during the individual behavioural trials into composite be-
havioural traits. Principal components with significant eigenvalues
were then selected using the ‘InPosition’ package (Beaton et al., 2014),
where calculated p-values are based on permutation procedures (Peres-
Neto et al., 2005). Raw variables were z-transformed prior to analysis.
Retained principal components, representing composite behavioural
traits, were then used as response variables in linear models. The
average proportion of time spent in the open habitat, average propor-
tion of food consumed, and average number of chases per fish were
then included as predictor variables, as was dominance status, treat-
ment order, body size, tag site, and SGR. The mean proportion of time
in the open habitat, chase number, and initial weight were not normally
distributed, and were log transformed prior to analysis to meet as-
sumptions of normality.

3. Results

Despite the minimal size differences within the groups of fish
(mean ± SD, coefficient of variation of body mass= 0.099 ± 0.043;
N=15 groups), one of the four fish emerged as the dominant compe-
titor in each of the trials, with no co-dominants observed in any of the
groups. Dominants chased conspecifics substantially more than sub-
ordinates, accounting for 47–94% (mean %±SD: 72.8 ± 14.4%,
N=15 groups) of the total chases within the groups. Overall, domi-
nants were not larger than subordinates within groups (Linear mixed
model, F1,29= 2.04, P=0.16), and were only the largest fish in 5 of 15
groups. Although predator treatments were randomly assigned to the
different groups, fish exposed to a predator in the second week were

K.D.W. Church, J.W.A. Grant Behavioural Processes 158 (2019) 163–171

165



smaller than those in the other two treatments (Linear model, F2,56=-
7.50, P=0.001; mean± SD weight: 0.45±0.09 g vs 1.15± 0.28 g).
Due to these group differences, initial body weight was added as a
covariate in all analyses.

Non-parametric bootstrapped 95% C.I.’s with 1000 repetitions were
calculated using the ‘Hmisc’ package in R (Harrell and Dupont, 2017),
and displayed in the graphs which compared the behaviour of the three
subordinates relative to the one dominant per group (e.g. Figs. 2–6).

3.1. Habitat choice

Consistent with the ideal free distribution, about two fish were
found in the open habitat in the no predator treatment, whereas fewer
than two fish occupied the open habitat in both predator treatments, as
indicated by the 95% C.I.’s (Fig. 1A). Overall, body size (Linear mixed
model, F1, 240= 0.15, P=0.71), and tag site (Linear mixed model, F3,
240= 0.72, P=0.54), did not affect habitat use.

There was a significant interaction between the treatment order and
the presence of the predator in the number of fish in the open habitat
(Linear mixed model, F1,240= 11.36, P=0.00097); fish in the week-
two predator treatment used the open habitat less when the predator
was present, relative to the other treatment groups. Overall, fewer fish
used the open habitat when the predator model was present (Linear
mixed model, F1,240= 13.98, P=0.00025; Fig. 1A).

When the total competitive weight in each habitat was considered,
taking into account the portion of food consumed by each fish, the same
trends were observed (Fig. 1B). In general, about half of the competitive
weight was found in the open habitat in the no-predator treatment,
whereas less than half of the competitive weight was found in the open
in the two predator-present treatments (95% C.I.’s; Fig. 1B).

A significant interaction was also found between dominance status
and the presence of the predator model (Linear mixed model,
F1,240= 11.99, P=0.00065; Fig. 2). Dominant fish primarily used the
complex habitat, whereas the subordinate fish in the no-predator

treatment primarily used the open habitat. Despite this interaction,
dominants used the complex habitat more than did subordinates
(Linear mixed model, F1,240= 11.43, P=0.0015; Fig. 2). Fish showed
individual habitat preferences over the study (mean repeatability±
95% C.I.: 0.27 ± 0.137).

3.2. Foraging success

Dominants, as identified by higher chasing rates, consumed a
greater proportion of food than subordinates in all trials (Linear mixed
model, F1, 240= 9.44, P=0.0032; Fig. 3), while the proportion of food
consumed was unaffected by the predator model (Linear mixed model,
F1,240= 0.24, P=0.63), treatment order (Linear mixed model,
F2,240= 0.04, P=0.96), body size (Linear mixed model, F1, 240= 0.06,
P=0.81), or tag site (Linear mixed model, F3,240= 0.57, P=0.64).
Individual differences in proportion of food consumed was significantly
repeatable throughout the trials (mean repeatability±C.I.:
0.40±0.194).

3.3. Chasing

There was a significant interaction between predator treatment and
dominance status on the rate of chasing (Linear mixed model,
F2,240= 11.98, P=0.000042). The dominants in the week-two pre-
dator treatment, which were smaller, chased less than the dominants in
the other two treatments (Fig. 4). Despite this interaction, dominants
chased more than subordinates (Linear mixed model, F1,240= 141.42,
P < 0.00001), as did larger fish (Linear mixed model, F1,240= 12.35,
P=0.00084). Unexpectedly, fish that were tagged on the tail tended to
chase less overall (Linear mixed model, F3,240= 2.77, P=0.049),
likely due to the slightly increased chance that these fish were sub-
ordinates (Generalized linear model, t56=-1.82, P=0.068). This tag-
ging effect may have been due to chance or to the resemblance of head

Fig. 1. Mean (±95% CI, N=5) A) number of fish, and B) competitive weight,
in the open habitat during 13min feeding trials under different predator ex-
posure treatments. Dashed line is the ideal free prediction.

Fig. 2. Number of subordinate and dominant cichlids in the open habitat
(mean± 95% nonparametric bootstrapped CI, N=5) during 13min feeding
trials in both weeks under different predator exposure treatments. Dashed line
is the ideal free prediction.

Fig. 3. Proportion (mean± 95% nonparametric bootstrapped CI, N=5) of
food consumed by 3 subordinate and 1 dominant cichlid during 13min feeding
trials under different predator exposure treatments.
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and dorsal tags (but not tail tags) to dominance markings found in other
species of cichlid (e.g. Denight and Ward, 1982; Radesäter and Fernö,
1979). Individual differences in chase rates were repeatable across both
weeks of the study (mean repeatability ± C.I.: 0.30 ± 0.165).

3.4. Growth

There was an interaction between predator treatment and dom-
inance status on growth rate (Linear model, F1,50= 7.61, P=0.022;
Fig. 5). The dominants in the week-two predator treatment, which were
smaller, lost weight over the study (SGR mean ± SD:
-0.00606 ± 0.01025), whereas dominants in the other treatments
gained weight. However, the weight loss of the smaller dominants did
not significantly differ from zero (One sample t-test, t4=-1.214,
P=0.15), although the weight gain of the other dominants did (One
Sample t-test, t9= 2.1351, P=0.03076). On average, subordinates
gained weight over the trials, but there was no marked difference be-
tween dominants and subordinates in the no-predator and week-one
predator treatments (Linear model, F1,50= 1.08, P=0.31). Not sur-
prisingly, larger fish grew less (Linear model, F1,50= 10.65,
P=0.002), while fish that consumed a greater proportion of food
tended to grow more (Linear model, F1,50= 2.89, P=0.095; Supple-
mentary Fig. 2). Use of the open habitat showed a positive association
with growth (Linear mixed model, F1,50= 9.23, P=0.0037).

3.5. Individual behaviour

Three different composite behaviours emerged from a principal
component analysis of the individual behavioural assays (p= 0.01;
Table 1): (PC1) aggression toward the intruder; (PC2) aggression to the
mirror; and (PC3) a high feeding rate, aggression toward the mirror and
intruder, and shyness to the predator. As subsequent axes are placed
orthogonally in a PCA, the latter two components, PC 2 and PC 3, are

interpreted as residuals of the first and second components, respectively
(Oliveira et al., 1996). Aggressive behaviours directed toward the in-
truder and mirror were similar for PC 1 and PC 2, respectively. For the
first two components, the fish approached quickly, spent a lot of time
within one body length, and engaged in numerous side displays, and
mouth wrestling attempts. In contrast, aggression in PC 3 consisted only
of side and head down displays. As displays are a less risky form of
aggression (Smith and Parker, 1976), that lack the energetic costs of
escalated fighting (Ros et al., 2006), we characterized the displays of PC
3 as restrained aggression (Reddon et al., 2015). Hereafter, these
components will be characterized as (1) intruder aggression, (2) mirror
aggression, and (3) high feeding, restrained aggression and shyness.
Behaviours that were equally distributed across the components, or that
loaded less than 0.3 for all three components were excluded from
analysis; thus the final PCA included only the behaviours that loaded
differently for all three components, with a magnitude of 0.3 or greater,
prior to varimax rotation. Varimax rotation was used to facilitate in-
terpretation of the behavioural axes by minimizing the number of
variables for each axis (Abdi, 2003; Table 1).

None of the three composite behaviours were strong predictors of
chasing (Linear models, all P > 0.30) or dominance status (Fig. 6).
However, the smaller fish in the week-2 predator treatment emerged as
slightly odd with respect to PC 3, as they showed a higher degree of
feeding, restrained aggression and shyness (Fig. 6C). Individual beha-
viour was not affected by treatment order (Linear models, all P >
0.25), or by the location of the tag site (Linear models, all P> 0.40).

More intruder aggressive fish tended to be more frequently found in
the open habitat (Linear model, F1,49= 3.85, P=0.055), but did not
differ in their food consumption (Linear model, F1,33= 0.39, P=0.53)
or body size (Linear mixed model, F1,33= 0.51, P=0.48). Mirror ag-
gression (Fig. 6b) was higher in larger fish (Linear model, F1,33= 5.70,
P=0.021), and in fish which used the open habitat more (Linear
model, F1,33= 5.32, P=0.025; Fig. 7), but was not significantly re-
lated to food consumption (Linear model, F1,33= 0.82, P=0.37). Fish
with high feeding rates that showed restrained aggression and shyness
toward predators were smaller (Linear model, F1,33= 12.69,
P=0.0008), but did not differ in habitat use (Linear model,

Fig. 4. Number of chases toward other fish (mean± 95% nonparametric
bootstrapped CI) by three subordinates and one dominant cichlid during 13min
feeding trials under different predator exposure treatments. (N=5 per treat-
ment).

Fig. 5. Specific growth rate (mean±95% nonparametric bootstrapped CI) of
subordinate and dominant cichlids under different predator exposure treat-
ments (N=5 per treatment). Dashed line is no change in body weight.

Table 1
Retained principal components from individual behavioral assays, indicating
composite behavioral traits.

Test Behavior PC 1 PC 2 PC 3

Novel food No. bites – 0.118 0.878
Mirror Approach latency – −0.813 −0.111

< 1 body length away – 0.872 –
> 2 body lengths away 0.215 −0.768 –
No. side displays 0.222 0.490 0.406
No. head down displays −0.266 0.303 0.107
No. mouth wrestles – 0.504 –

Intruder Initial reaction – – −0.263
Approach latency −0.742 0.142 −0.269
No. approaches 0.298 – 0.413
< 1 body length away 0.910 – –
> 2 body lengths away −0.875 – –
No. side displays 0.832 −0.172 −0.142
No. head down displays 0.252 −0.269 0.533
No. charges 0.749 0.215 –
No. mouth wrestles 0.590 – –

Aquatic Predator Initial reaction 0.136 – −0.716
Approach latency 0.118 0.878
No. approaches 0.305 0.238
< 1 body length away 0.176 0.114 –
> 2 body lengths away −0.180 −0.174 –
SS loadings 4.245 2.857 2.947
P-value 0.01 0.01 0.01
Proportion of variance 20.2% 13.6% 14.0%
Cumulative proportion of
variance

20.2% 33.8% 47.8%
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F1,33= 0.34, P=0.55), or in food consumption (Linear model,
F1,33= 0.17, P=0.68). None of the three composite behaviours was
related to growth rate.

4. Discussion

An apparent IFD occurred in the absence of a predator, with an
equal number of fish in either habitat. However, two lines of evidence
suggested otherwise. First, dominants always preferred the complex
habitat, whereas subordinates altered their habitat use in the presence
of a predator. Second, subordinates did not appear to gain foraging
benefits from occupying the open habitats, where they likely perceived
themselves to be exposed to more risk. Taken together, these data

suggested an IDD in the absence of a predator, where dominants ex-
cluded subordinates from the complex habitat.

In the presence of a predator, however, most fish occupied the
complex habitat. Similarly, juvenile coho salmon (Oncorhynchus ki-
sutch) distributed themselves according to the IFD when provided with
habitats with and without cover, but more fish were found in the
sheltered habitat after an increase in predation risk (Grand and Dill,
1997). This preference for complex habitats in the presence of predators
is widespread in aquatic organisms, including Atlantic salmon (Salmo
salar) parr (Huntingford et al., 1988), European perch (Perca fluviatilis),
common roach (Rutilus rutilus; Brabrand and Faafeng, 1993; Persson,
1993), blacknose shiner (Notropis heterolepis) and bluntnose minnow
(Pimephales notatus; MacRae and Jackson, 2001), bluegill sunfish (Le-
pomis macrochirus; Gotceitas, 1990), and eastern king prawns (Meli-
certus plebejus; Ochwada et al., 2009).

Dominant individuals always preferred the complex habitat, and
also consumed more food than subordinates in all treatments.
Dominants may have experienced less behavioural distress in complex
habitats (Millidine et al., 2006), so they focussed their attention first on
foraging and then on chasing subordinates. In contrast, subordinates
may have split their attention amongst watching for predators in open
habitats (Schneider, 1984; Ekman, 1987), the aggression of dominants
(Rands et al., 2006), and then food (Murton et al., 1971; Smith et al.,
2001). Dominants were frequently observed chasing and harassing
subordinates as they foraged, while subordinates tended to become
more inhibited, consuming less food following an attack.

It was not entirely clear why dominants did not grow faster than
subordinates, despite their foraging advantage. Two possibilities are
that dominants have a higher innate metabolic rate than subordinates
(e.g. Biro and Stamps, 2010; Careau et al., 2010) or that the energetic
costs of chasing subordinates (e.g. Praw and Grant, 1999) negated any
potential gain from foraging. Neither explanation, however, explains
why the particularly small dominants in the week-two predator treat-
ment chased less than those in other treatments, but lost weight over
the trials. We speculate that these dominants, which were smaller than
the dominants in the other treatments, were unable to afford the greater
energetic costs of dominance (see below) (e.g. Praw and Grant, 1999;
Creel, 2001; Reid et al., 2011), which caused them to lose weight.
Additionally, our experiment may not have been long enough to detect
the more subtle growth differences that may have existed between the
dominants and subordinates in the other two treatments.

The dominant fish in our study preferred the complex habitat,
which is more consistent with the asset-protection principle rather than
the resource monopolization hypothesis. It was not entirely clear why
dominants avoided the open habitat, even when no predator was pre-
sent. Perhaps they viewed all treatments as “dangerous” (sensu Clark
and Mangel, 1986) and hence preferred the perceived safety of the
complex habitat. Dominants may also have benefitted from the reduc-
tion in resting metabolic rate (RMR) that occurs in complex habitats
(Millidine et al., 2006), but see (Kochhann and Val, 2017) for a counter

Fig. 6. Dominance status in group feeding trials across three predator exposure
treatments (N=5 per treatment) in relation to three individually measured
composite behavioral traits (mean± 95% nonparametric bootstrapped CI): A)
intruder aggression (PC1 scores), B) mirror aggression (PC2 scores), and C) high
feeding, restrained aggression, and shyness (PC3 scores).

Fig. 7. Proportion of time spent in the open habitat during 13min feeding trials
under different predator exposure treatments and degree of high feeding, re-
strained aggression and shyness (PC 3; N=5 per treatment). Dashed line is the
ideal free prediction.
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example. The smaller dominants, with the highest energy costs and
greatest vulnerability to predators, showed the strongest preference for
the safer complex habitat, further supporting risk aversion, not foraging
benefits, as the main determinant of dominant habitat use (Brown and
Braithwaite, 2004). Similar to our findings, mirror aggression did not
predict intraspecific aggression in the mangrove rivulus (Kryptolebias
marmoratus; Earley et al., 2000), or in two of three species of Lake
Tanganyikan cichlids (Balzarini et al., 2014). Although no differences
in mirror versus conspecific aggression were found in another species of
cichlid (Astatotilapia burtoni), differences in gene expression suggested
higher levels of fear when presented with a mirror (Desjardins and
Fernald, 2010). Interestingly, the fish in our study that were aggressive
toward a mirror, and presumably more fearful, used the open habitat
more during the group trials, and were also larger, with more assets to
protect (Clark, 1994). Mirrors may induce more fear because they are
perceived as a novel stimulus, or alternatively, a dissociation may occur
between behavioural and physiological responses toward a mirror
image (Oliveira and Canário, 2011). For another species of cichlid
(Oreochromis mossambicus), Oliveira et al. (2005) demonstrated that
although male fish were aggressive toward their own mirror image,
they did not exhibit the typical hormonal activity otherwise found in
fighting males. Additionally, no differences in two factors that could
affect aggression: motivation (Parker, 1984; Jonart et al., 2007; Arnott
and Elwood, 2009) or personality (Dall et al., 2004; Réale et al., 2007),
are possible with a mirror image. Finally, mirror tests may also con-
strain normal expressions of aggressive behaviour. For example, Arnott
et al. (2011) showed that contesting convict cichlids prefer to align
head-to-tail to facilitate evaluation of fighting ability and to minimize
injury risk, an alignment not possible with a mirror image.

Although our mirror test did not evaluate self-recognition, many of
the fish in our study reacted similarly to most fish species and behaved
aggressively toward their mirror image, as if they had encountered an
unknown conspecific (Brown, 2015; Hotta et al., 2018). Self-recogni-
tion in a mirror is touted as evidence for both self-awareness and high
cognitive ability, both indicators of sentience, and has been shown in
the great apes (e.g. Pan troglodytes) and dolphins (Tursiops truncatus;
Reiss and Marino, 2001), elephants (Elephas maximus; Plotnik et al.,
2006), and the magpie (Pica pica; Prior et al., 2008). However, being
unable to recognize oneself in a mirror does not mean that an animal is
not sentient (Brown, 2015). For fish, self-recognition may occur via
other sensory cues, such as olfaction (Thünken et al., 2009), while a
high cognitive ability is also demonstrated through complex behaviours
like parental care, cooperation within social groups, nest building, and
tool use (Brown, 2015).

5. Conclusions

In summary, some surprising results emerged from the habitat
choice experiment: 1) foraging success and chase rate were not affected
by predation risk, whereas; 2) dominants always preferred the complex
habitat; and, 3) use of the open habitat decreased following exposure to
a predator model, but only for subordinates. Fish also showed evidence
of personality, with significant and repeatable individual differences in
foraging, chasing, and habitat use.

The individual behavioural assays provided some insight into the
habitat choice experiment. Surprisingly, dominance status was not
predicted by the behavioural assays. There is often a strong relationship
between the behaviour measured during individual assays and in social
settings (Herborn et al., 2010; Lichtenstein et al., 2017), but not always
(Réale et al., 2000; Adriaenssens and Johnsson, 2010). Interestingly,
aggression toward a mirror, a conspecific, and restrained aggression
were each on different behavioural axes, appearing to be distinct be-
haviours. The dominants in the week-two predator trials, which were
slightly odd in terms of chase rate and growth rate, were also odd in
behaviour, showing higher levels of feeding, restrained aggression and
shyness, behaving similarly to the smaller subordinates when alone.

Perhaps these less-typical dominants were subject to greater difficulties
to maintain their status, and hence lost more weight compared to other
dominants and subordinates. Mirror aggression was the best predictor
for use of the open habitat, while dominants were not identifiable in the
individual assays, possibly due to greater behavioural differences be-
tween the group and individual trials. Shy individuals, like the smaller
fish in the week two predator treatment, may have been more con-
sistent in their behaviour due to a lower degree of plasticity (Frost et al.,
2007); additionally, fish which used the open habitat may have suffered
loser effects, while dominants did not gain winner effects (Dugatkin and
Earley, 2004). Although habitat choice was not affected by body size in
our study, smaller fish were less aggressive and bold when alone than
larger fish.

In summary, dominance status determined habitat use and foraging
rate, but not growth rate. Subordinate fish did not gain foraging ben-
efits from using the open habitat, but appeared to be excluded from the
complex habitat by the dominants, indicating an ideal despotic dis-
tribution. We suggest that dominants used the complex habitat to avoid
predation and mitigate the increased physiological costs associated
with dominance. These costs were illustrated by the smallest dominants
in our study, which were unable to buffer these costs and lost weight
over the study despite showing similar rates of food consumption and
lower rates of chasing.
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