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Summary

1. Individuals vary in the extent to which they associate with conspecifics, but little is known
about the energetic underpinnings of this variation in sociability. Group-living allows individu-
als to find food more consistently, but within groups, there can be competition for food items.
Individuals with an increased metabolic rate could display decreased sociability to reduce
competition. Long-term food deprivation (FD) may alter any links between sociability and
metabolic rate by affecting motivation to find food.

2. We examined these issues in juvenile qingbo carp Spinibarbus sinensis, to understand how
FD and metabolic rate affect sociability. Like many aquatic ectotherms, this species
experiences seasonal bouts of FD.

3. Individuals were either: (i) food-deprived for 21 days; or (ii) fed a maintenance ration (con-
trol). Fish from each treatment were measured for standard metabolic rate (SMR) and tested
for sociability twice: once in the presence of a control stimulus shoal and once with a food-
deprived stimulus shoal.

4. Control individuals ventured further from stimulus shoals over a 30-min trial, while food-
deprived fish did not change their distance from stimulus shoals as trials progressed. Control
fish with a higher SMR were least sociable. Well-fed controls showed decreased sociability
when exposed to food-deprived stimulus shoals, but there was evidence of consistency in rela-
tive sociability between exposures to different shoal types.

5. Results contrast with previous findings that several days of fasting causes individuals to
decrease associations with conspecifics. Prolonged FD may cause individuals to highly prioritize
food acquisition, and the decreased vigilance that would accompany continuous foraging may
heighten the need for the antipredator benefits of shoaling. Conversely, decreased sociability in
well-fed fish with a high SMR probably minimizes intraspecific competition, allowing them to
satisfy an increased energetic demand while foraging. Together, these results suggest that FD —a
challenge common for many ectothermic species — can affect individual sociability as well as the
attractiveness of groups towards conspecifics. In addition, the lack of a link between SMR and
sociability in food-deprived fish suggests that, in situations where group membership is linked to
fitness, the extent of correlated selection on metabolic traits may be context-dependent.
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foraging alone and experience less variable times between

Introduction periods of food intake (Ekman & Hake 1988; Ruxton,

Group-living reduces the risk of predation for group mem-
bers and provides a number of foraging advantages
(Krause & Ruxton 2002). Animals foraging in groups, for
example, find food patches more consistently than those
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Hall & Gurney 1995). A trade-off is that there can be com-
petition among group members for discovered food items,
reducing food intake for some individuals and potentially
promoting intraspecific aggression (Webster & Hart 2006).
Individual animals must weigh the balance of these trade-
offs, and there is consistent interindividual variation in
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sociability (Mills & Faure 2000; Cote, Fogarty & Sih 2012;
Webster & Laland 2015), defined as the extent to which an
animal seeks to associate with conspecifics for non-aggres-
sive interactions (Réale et al. 2007; Careau & Garland
2012).

The mechanistic and energetic basis for variation in
sociability remains poorly understood. Metabolic traits,
such as metabolic rate or maximum aerobic capacity, show
wide intraspecific variation and are often associated with
various aspects of individual behaviour (Biro & Stamps
2010; Burton et al. 2011; Killen et al. 2013). For example,
the minimum metabolic rate needed to sustain life (i.e.
standard metabolic rate (SMR) in ectotherms; basal meta-
bolic rate in endotherms), is often linked to risk-taking
behaviours and dominance. To date, however, no study
has examined covariation in metabolic demand and socia-
bility among individuals (Careau & Garland 2012).
Increased hunger after short periods of fasting has been
shown to decrease sociability by altering the trade-offs
associated with foraging and intragroup competition
(Krause 1993a), and in fish, hungry individuals form less
cohesive shoals (Morgan 1988). The decrease in sociability
with hunger likely decreases competition with groupmates
in the event that food becomes available. It is plausible
that interindividual variation in baseline metabolic demand
may have a similar effect, with individuals with a relatively
high metabolic rate being less sociable because they are
more motivated to acquire food.

Although previous studies have examined the effect of
recent feeding and hunger on sociability and the behaviour
of animal groups (Krause 1993a; Reebs & Saulnier 1997;
Krause, Hartmann & Pritchard 1999; Frommen, Luz &
Bakker 2007), no study has examined the effects of more
prolonged food deprivation (FD) on sociability. Many
wild ectotherms experience FD for several weeks at a time
(Martinez et al. 2002, 2004; Gingerich, Philipp & Suski
2010; Killen, Marras & McKenzie 2014). Many fishes, for
example, undergo extended periods of FD while overwin-
tering and also experiencing sporadic decreases in prey
availability as a result of eutrophication during the sum-
mer (Marchini, Gauzer & Occhipinti-Ambrogi 2004). The
effects of longer-term FD on sociability could differ drasti-
cally from the effects of short-term reductions in feeding.
For example, longer-term FD can decrease swimming abil-
ity in fish (Martinez et al. 2002; Zhao et al. 2012; Killen,
Marras & McKenzie 2014), potentially decreasing the abil-
ity to escape predation and increasing the need for the rel-
ative safety provided by group membership. Therefore,
although hunger can decrease sociability, it is possible that
there is a threshold of FD beyond which sociability may
actually increase. Any link between sociability and meta-
bolic rate could also be exacerbated by FD, if individuals
with a higher metabolic rate lose biomass more quickly
during fasting, therefore amplifying their existing motiva-
tion to find and secure food (Killen et al. 2013).

The nutritional status or competitive ability of a group
may also influence whether individual fish decide whether

or not to join that group (Metcalfe & Thomson 1995).
Individuals are less likely to join groups comprised of hun-
gry individuals (Krause 1993a; Krause, Hartmann &
Pritchard 1999), presumably because those animals would
be more voracious competitors for discovered food items.
However, the effects of long-term FD in potential group-
mates remain unknown. Again, FD could actually
decrease competitive ability if locomotory ability is com-
promised (Killen, Marras & McKenzie 2014), therefore
making an individual more likely to join a group of food-
deprived individuals. It is also possible that either the com-
petitive or nutritional status of groupmates will interact
with an individual’s own metabolic demand and nutri-
tional history to influence sociability in relation to that
particular group.

We studied these issues in juvenile qingbo carp Spinibar-
bus sinensis. This is a highly gregarious cyprinid species
and one of the most common fish species in the Yangtze
River system. It is a relatively active, omnivorous species
that prefers to occupy clear, flowing waters while living in
shoals. Studies of gut contents have shown that this species
experiences large seasonal fluctuations in food availability
and intake that can include nearly complete FD for 2-
4 weeks at a time (Ding 1994). As occurs in many other
fishes, this reduction in food intake can reduce locomotor
capacity in this species (Zhao et al. 2012; Pang et al. 2014)
but the effects on behaviours such as sociability are
unknown. We tested three main questions: (i) Among indi-
viduals, is there a link between metabolic rate and sociabil-
ity, measured as the tendency to associate with a stimulus
shoal? (ii)) Does FD alter sociability or the relationship
between sociability and metabolic rate? and (iii)) How do
the effects of individual metabolic rate and FD interact
with the feeding history of groupmates to affect sociability?

Materials and methods

EXPERIMENTAL ANIMALS

Approximately 300 juvenile qingbo carp Spinibarbus sinensis were
obtained from a local supplier and acclimated to the laboratory
for 3 weeks before beginning experiments (89 + 0-15 cm TL;
7-3 + 0-31 g body mass). The dechlorinated fresh water was con-
stantly aerated and temperature maintained at 25-0 £ 0-5 °C.
During holding before experiments, fish were fed to satiation with
a commercial diet once daily. The project was approved by the
National Natural Science Foundation of China (No. 31172096)
and Chongqing Normal University. Experimental procedures were
non-invasive, and every effort was made to minimize suffering.
The period of FD, though prolonged, is common feature of the
natural life-history of S. sinensis and many other fish species
(Ding 1994; Wang, Hung & Randall 2006; Killen, Marras &
McKenzie 2014).

DIET TREATMENTS

Fish were randomly designated to one of two treatments: (i) the
FD treatment; and (ii) the control treatment. Food-deprived fish
were not fed for the duration of the experiment while the control
fish were fed a maintenance ration throughout (1-2% body mass
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per day). After 21 days of FD in the food-deprived treatment, 18
fish from each treatment were randomly removed from their com-
mon holding tank, measured for total length and wet mass and
tagged for identification using elastomer. The remaining untagged
fish were held separately and later used to populate the shoals for
the sociability behavioural trials. Trials were conducted over an 8-
day period with final measurements of standard length, and body
mass taken after all sociability trials were completed (with a total
of 15 days between measurements used for estimates of growth
rate). Mortality was low among fish exposed to both treatments
(three fish out of approximately 300 fish in total).

MEASUREMENT OF SMR

The 18 tagged fish from each treatment were measured for SMR
at 25 °C. The SMR of individual fish was determined using con-
tinuous-flow respirometry (Fu et al. 2011; Auer et al. 2015). Fish
in the control group were fasted for 24 h prior to being placed
into individual acrylic respirometers (300 mL volume), and fish
from both groups were left in the respirometer chambers to accli-
matize overnight. Rates of oxygen uptake were measured 10 times
during the following day (approximately once per hour between
08:00 and 18:00). The mean of the lowest three measurements
throughout this period was taken as SMR. Throughout the accli-
mation period and during all measurements, respirometers were
covered by a darkened blind to minimize disturbance to the fish.
Dissolved oxygen concentration was measured at the outlet of
each respirometer using an oxygen meter (HQ20; Hach Company,
Loveland, CO, USA). The flow rate of water through each
respirometer was determined by measuring the time taken for
100 mL of water to flow from the respirometer outlet (approxi-
mately 60 mL min~'). The following formula was used to calcu-
late the oxygen uptake (MO,: mg O, h™") of individual fish:

MO; = AOy x v eqn 1

where AO; is the difference (mg O, L") in oxygen concentration
between an experimental respirometer and the control respirome-
ter without fish, and v is the water flow rate in the experimental
chamber (L h™ ).

SOCIABILITY TRIALS

The sociability of individual fish was tested using a binary choice
test (Krause, Hartmann & Pritchard 1999; Jones et al. 2010), in
which the focal individual could choose to spend time near an
arena section containing a stimulus shoal, or range closer to
another arena section which was empty (Video S1, Supporting
information). The experimental tank consisted of a rectangular
white PVC tank (85 cm L x 30 W x 30 H), filled with water to a
depth of 8 cm. The tank was divided into three sections: a larger
central chamber (40 cm x 30 cm), and two smaller chambers at
each end (25 cm x 30 cm). These sections were divided by trans-
parent partition such that fish within the arena could easily see the
contents of all other chambers. Water did not flow between tank
sections and so visual cues were assessed by focal individuals in
trials.

To begin a test, a group of eight fish were randomly selected
from the pool of untagged fish. The group was randomly deter-
mined to contain either food-deprived or control individuals (con-
trol individuals had been fasted for at least 24 h prior to shoaling
trials). The group of fish was then transferred carefully and with-
out air exposure into a randomly selected end section of the exper-
imental arena. The other end section was left empty. One of the
tagged individuals for which SMR had previously been assessed
then was introduced to the central chamber. The entire tank was
then filmed from above for the following 30 min at 25 frames s~

Food deprivation, metabolism and sociability 3

(Sony Handycam, HDR XR260, Tokyo, Japan). All tagged fish
were tested using this protocol once over the course of a 4-day
period. The entire process was then repeated again for each fish,
again over a 4-day period, to complete a reciprocal design in
which each food-deprived and control fish was tested in the pres-
ence of both a food-deprived and control shoal (with the treat-
ment order randomized for each fish). Fish used to populate the
stimulus shoals were only used once per day.

Videos were later analysed using the automated tracking soft-
ware idTracker (Pérez-Escudero et al. 2014). This software logged
the x—y coordinates of the focal fish for every frame of the video
recording. For each focal individual in each trial, this information
was used to calculate mean speed and distance from the chamber
containing the group over 5-min intervals throughout the 30-min
trial. To estimate consistency of sociability, and to quantify rela-
tionships between SMR and sociability, a sociability score was cal-
culated for each fish in each trial as the mean distance from the
stimulus shoal over the final 15 min of the trial. Note that these
analyses were also performed using the mean distance over the
course of the entire 30-min trial, and identical trends were
observed.

STATISTICAL ANALYSIS

All analyses were performed with spss statistics v20.0 (SPSS Inc.,
and IBM, Chicago, IL, USA). The level of significance for all
tests was o = 0-05. The consistency of sociability within diet
treatments for focal fish and between stimulus shoal treatments
(i.e. when exposed to control vs. food-deprived shoal) was quanti-
fied by calculating the intraclass correlation coefficient (ICC),
using the within- and among-groups sums of squares from a sin-
gle-factor anova (Lessells & Boag 1987). Factors influencing
sociability were examined using linear mixed-effects models
(LMEs) with a compound symmetry covariance structure,
because variables were on similar scales and showed similar
covariances. Estimation was performed using restricted maximum
likelihood. An initial model examined the effect of time on dis-
tance from the stimulus shoal using log-transformed mean dis-
tance (cm) during each S5-min interval as an explanatory variable,
and focal treatment, stimulus shoal treatment and time interval
as categorical explanatory variables, and fish ID as a random
effect. This model revealed a significant effect of time for some
treatment combinations, and so a subsequent model was pro-
duced which only examined mean distance from the stimulus
shoal during the final 15 min of each trial (to minimize the effect
of acclimation to the arena as a confounding factor). This latter
model included log-transformed mean distance (cm) from the
stimulus shoal (over the final 15 min of the trial) as the depen-
dent variable, focal treatment and stimulus shoal treatment as
categorical explanatory variables, log body mass (g) and log
SMR (mg O, h™!) as continuous explanatory variables and fish
ID as a random effect.

Differences in SMR among focal fish from each treatment were
analysed using general linear models with log SMR as the depen-
dent variable, and log body mass and treatment (control vs. food-
deprived) as explanatory variables. For use in figures, SMR was
standardized to a common body mass of 7-65 g, by first calculat-
ing the residuals of an ordinary least squares regression of the fol-
lowing form:

log;)SMR = b 4 alog;\M + ¢ eqn 2
where M is body mass (g), @ and b are constants and ¢ is the resid-
ual variation. The residuals of this regression were added to the
fitted value for an animal of 7-65 g (the mean of all fish used in
the study at the time of SMR measurement) to obtain adjusted
estimates of SMR.
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Rates of mass loss or growth were estimated in terms of body
mass (Gy) and standard length (Gp), and were calculated between
measurement periods according to the equation:

G =100 * (In(s,) — In(s;))/d eqn 3

where s, is the body mass or standard length at time ¢, s; is the ini-
tial body mass or standard length and d is the time elapsed (in
days) (Hopkins 1992). Differences in growth rate (Gy; and Gp)
between treatments were examined using general linear models
with treatment as a categorical factor. Because growth rate is size-
dependent (Nicieza & Alvarez 2009; Killen et al. 2014), the initial
standard length during each measurement period was also
included in models as a covariate.

Results

EFFECTS OF DIET ON GROWTH/MASS LOSS AND
METABOLIC RATE

Control fish had higher values for both Gy and Gy as
compared to FD fish (Table 1). SMR varied with body
mass (logl0 SMR = —0-4802 + 0-559 logl0 M, r* = 0-15,
P =0-019), but there were no differences in mean SMR
between control and FD individuals after accounting for
body mass (Table 1). In the control treatment, individuals
with a higher SMR had a higher Gp (GLM, effect of
SMR, F;, 36 = 5308, P =0-028) and Gy (GLM, effect of
SMR, Fj3c = 5057, P=0-032). In the FD treatment,
there was no association between SMR and Gy;.

FACTORS AFFECTING SOCIABILITY

As a trial progressed, control fish increased their distance
from the stimulus shoal, particularly when exposed to
shoals from the FD treatment (Figs I, 2 and 3; LME,
focal x time interaction, F) 334 = 3411, P = 0-005;
focal x shoal interaction, Fy, 3g4 = 11:230, P = 0-001). In
contrast, FD fish did not venture further from stimulus
shoals with time (Fig. 2). Control focal fish exposed to an
FD shoal kept the greatest distance from the shoal com-
pared to all other groups (Figs 2 and 3). Control focal fish
with a higher SMR were less sociable, ranging further
away from the stimulus shoal (Fig. 4, LME, focal x SMR
interaction, Fi 3151 = 4196, P = 0-049). There was no
association between SMR and distance from the shoal
among FD individuals.

Table 1. Comparisons of length-specific growth rate (Gj), mass-
specific growth rate (G,,,) and standard metabolic rate (SMR) in
juvenile gingbo carp that were either food-deprived or fed a main-
tenance ration for 21 days (control). Also shown are F and P val-
ues from general linear model analyses (see Methods). Sample size
is n = 18 per treatment

Control Food-deprived F P

Gy (% day ™) 025 & 008 —0.016 + 002 7-747 0009
G (% day ™ ) 0-57 £ 0-17  —0-56 + 0-04 35-587 <0001
SMR (mgOs h™) 117019 1.0l £ 019 1.323  0-258

Sociability showed variability among individuals and
between shoal exposures (Fig. 5). Interindividual variation
in sociability was greater when fish were exposed to con-
trol shoals (approximately 11-fold range between mini-
mum and maximum values) as compared to when fish
were exposed to FD shoals (approximately fourfold varia-
tion). However, although sociability changed depending
on whether fish were exposed to a control or food-
deprived shoal, relative sociability among individuals
showed consistency between exposures to each type of
shoal. Consistency was especially high for FD focal fish
(ICC = 0-60; P =0-003), but was reduced between shoal
exposures for control focal fish (ICC = 0-26, P = 0-135).
Across both diet treatments for focal fish, ICC was equal
to 0-40 (P = 0-007).

Discussion

This study provides evidence that sociability is associated
with metabolic rate but that the strength of this
relationship is decreased by FD. Furthermore, the results
here show that although relative sociability is a consistent
characteristic of individual fish, FD can modulate the ten-
dency to associate with conspecifics. Control fish ranged

(a) (b)

Time (frames x 10%)
N w

-

Fig. 1. Examples of space use by the same individual juvenile
Spinibarbus sinensis during two separate 30-min sociability trials.
The individual was from the control treatment, having been fed a
maintenance ration throughout the experiment. In panel a, the
individual was exposed to a food-deprived shoal and displayed rel-
atively low sociability (mean distance from stimulus
shoal = 12-80 cm), spending more time away from the stimulus
shoal. In panel b, the individual was exposed to a control shoal
and displayed higher sociability (mean distance from stimulus
shoal = 2-78 cm), spending more time close to the stimulus shoal.
The black square represents the central section of the experimental
arena; the blue lines trace the movements of the focal fish in two
separate scenarios. In panel a, the stimulus shoal was located to
the left of the central section; in panel b the stimulus shoal was
located to the right of the central section.
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Fig. 2. Changes in mean distance from the stimulus shoal over 30-
min sociability trials in juvenile Spinibarbus sinensis. White circles
represent control focal fish; black circles represent food-deprived
focal fish. Dashed lines represent trials with a control stimulus
shoal; solid lines represent trials with a food-deprived stimulus
shoal. Error bars = SEM.
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Fig. 3. Sociability (mean distance from the stimulus shoal during
the final 15 min of each trial) in juvenile Spinibarbus sinensis.
Black bars represent focal fish exposed to food-deprived stimulus
shoals; white bars represent focal fish exposed to control stimulus
shoals. Error bars = SEM.

further from shoals than food-deprived fish, especially
when exposed to a shoal of fish that had been food-
deprived.

Fish with a higher SMR in the control treatment
showed decreased sociability. It is possible these fish were
less attracted to the shoal or were even avoiding the shoal
to some degree. Increased metabolic costs may increase
motivation to find food first and avoid competition with
groupmates, in a manner analogous to the effects of short-
term FD on sociability (Krause 1993a; Krause, Hartmann
& Pritchard 1999). An alternative, but not mutually exclu-
sive, explanation is that these fish were generally more
exploratory, covering more of the arena during the trial
and thus having a higher mean distance away from the
shoal. If the shoal had been able to interact with the focal
fish, it is possible that such increased exploratory
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Fig. 4. Relationships between standard metabolic rate (SMR; nor-
malized to 7-65 g, the mean mass of all fish used in the study) and
sociability (mean distance from the stimulus shoal over the final
15 min of the trial) for control focal Spinibarbus sinensis in the
present study. White points represent trials when fish were
exposed to control stimulus shoals (dashed black line: dis-
tance = 0-25 + 8:34*SMR, 1> = 0-16, P = 0-098); black points rep-
resent trials when fish were exposed to food-deprived shoals
(dashed black line: distance = 5-84 + 6-91*SMR, 2 =024,
P =0-039). For reference, the dotted black line represents the
ordinary least squares regression through all points (dis-
tance = 3-04 + 7-24*SMR, > = 0-15, P = 0-018; note that the lin-
ear mixed-effects model (LME) examining the effect of SMR on
sociability included fish ID as a random effect). There were no
links between SMR and sociability for food-deprived focal fish.
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Fig. 5. Relative consistency of sociability (mean distance from the
stimulus shoal over the final 15 min of the trial) of individual
juvenile Spinibarbus sinensis across two trials, one in which they
were exposed to a control stimulus shoal and another in which
they were exposed to a food-deprived stimulus shoal. Each data
point represents one individual. White points are control focal
fish; black points are food-deprived focal fish. See Results for intr-
aclass correlation coefficients. Pearson correlations for sociability
between the two trials are as follows: control: » = 0-50, P = 0-035;
food-deprived: r = 0-67, P = 0-003; overall: r = 0-43, P = 0-008.

behaviour would have resulted in the high SMR fish lead-
ing the movements of the entire group (Burns et al. 2012;
Nakayama et al. 2012; Jolles et al. 2015). A final possibil-
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ity is that these fish were generally more active and there-
fore have more skeletal muscle and other metabolic
machinery to support an increased capacity for activity
that also needs to be maintained at rest. In this regard,
however, it is notable that the average speed of movement
of fish during trials did not differ among feeding treat-
ments or shoal exposures and was not related to SMR in
any treatment combination (Table S1). It is also interesting
that individual FD fish showed strong consistency in socia-
bility between shoal exposures despite there being no rela-
tionship between sociability and SMR among FD
individuals. This could suggest that proximate mechanisms
influencing sociability may shift depending on context (e.g.
fed conditions vs. conditions of FD; Killen et al. 2013;
Mathot et al. 2015). In support of this conjecture, SMR
can itself be affected by nutritional history, perhaps alter-
ing the degree to which SMR drives particular types of
behaviour (Van Leeuwen, Rosenfeld & Richards 2012; Kil-
len 2014; Rosenfeld et al. 2015). In the current study, there
were no significant differences in SMR between the control
and FD fish, but subtle changes in metabolic rates or
effects on a subset of individuals may have been sufficient
to alter the influence of SMR on sociability among FD
fish. These findings support the generally emerging view
that links between physiological and behavioural traits are
extremely complex and context-dependent (Killen et al.
2013; Mathot et al. 2015).

While control fish moved further from stimulus shoals
over the course of the trial, FD fish tended to remain rela-
tively close to the stimulus shoal. This contrasts with previ-
ous studies which have shown that hungry individuals
become less sociable, decreasing associations with groups
of conspecifics (Krause 1993a; Krause, Hartmann &
Pritchard 1999). These prior studies have examined
shorter-term fasting, however, whereas the current study
examined more prolonged periods of reduced nutrition.
Over the short-term, hunger may promote aggression and
competition for food within groups (Webster & Hart
2006). Individuals near the periphery of groups also tend
to be the first to find food items and consume the highest
quality food items (Krause 1993b; DeBlois & Rose 1996).
However, group membership can carry numerous forag-
ing benefits, and the importance of these benefits may
increase as animals experience FD for longer durations.
Animals foraging in groups, for example, find food more
consistently with less variable time frames between patch
discoveries (Ekman & Hake 1988; Krause & Ruxton
2002). Furthermore, decreased individual vigilance, due to
increased food-searching behaviour, may increase the
degree to which individual fish need to rely on social
information to alert them of predatory threats. Long-term
FD can also decrease swimming performance in fish,
including for S. sinensis (Zhao et al. 2012), particularly
the capacity for burst-type swimming that is employed
during escapes from predators (Killen, Marras & McKen-
zie 2014). Therefore, FD may alter the ability of individ-
ual fish to detect and avoid predators, thereby increasing

shoaling tendency to at least partially mitigate increased
risk of predation.

Control fish were less sociable when they were exposed
to shoals of FD fish. This finding agrees with previous
work showing that individuals show less sociability
towards hungry or food-deprived conspecifics (Krause,
Hartmann & Pritchard 1999). It is likely that well-fed indi-
viduals avoid these groups because hungry individuals may
be more intense competitors for discovered food items. It
is therefore interesting that, in the current study, FD focal
fish showed no tendency to avoid shoals comprised of FD
fish. Again, this suggests that longer-term FD may exert
effects on sociability that differ from that caused by shorter
periods of FD. It also has been shown that fish within spe-
cies sort into shoals according to body size (Croft et al.
2005), and so it is possible that control fish were less
attracted to food-deprived shoals due to differences in size.
While fish in both treatments showed no differences in
body length (GLM, effect of treatment on standard length,
F=0-144, P =0-706), control fish had a greater body
mass than the FD individuals (GLM, effect of treatment
on body mass, F=4-13, P = 0-046). However, FD fish
showed no tendency to move away from shoals comprised
of control fish and so it is unlikely that body size prefer-
ences played an appreciable role in measures of sociability
in the current study. An additional possibility is that
reduced mass for a given body length is a cue of overall
poor condition within a group. This could in turn signal
poor foraging success or even disease, therefore making
them undesirable shoal-mates unless the benefits of
decreased predation risk obtained from group membership
are especially valued in a given context (though see Met-
calfe & Thomson 1995; who show that fish can prefer to
shoal with weaker competitors).

Fish in both treatments showed wide variation in socia-
bility, but despite the changes in sociability generated by
exposure to control vs. FD shoals, there was consistency
in sociability among individuals between trials. This agrees
with previous work demonstrating consistent interindivid-
ual variation in sociability (Réale er al. 2007; Careau &
Garland 2012). Interestingly, sociability was correlated
with SMR among control fish but not among FD fish.
This observation contrasts with expectations that FD
would strengthen any link between metabolic rate and
behaviour (Killen et al. 2013). It is worth noting, however,
that there was no correlation between SMR and mass loss
in FD fish in this study, and so prior differences in meta-
bolic demand did not necessarily amplify differences in for-
aging requirements as FD progressed. Links between
metabolic demand and mass loss may be obscured by dif-
ferences in fuel use (e.g. protein vs. lipid) among individu-
als during a period of fasting (McKenzie et al. 2014).

In the light of the current results, an interesting avenue
for future research would be to examine how SMR and
FD interact with choice of shoal size. Hungrier fish, for
example, show a preference for smaller shoals, presumably
because there is less competition for food (Krause 1993a).
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Similarly, the optimal group size could vary among indi-
viduals in relation to metabolic demand: lower metabolic
rate individuals may tend towards larger groups that can
find food patches more consistently and provide increased
protection from predators, even though competition for
food may be higher and so meals may be smaller in larger
groups. Another area requiring further investigation in this
context is the role of non-visual cues. In the current study,
we focussed on the role of visual cues in sociability. In the
wild, qingbo prefer relatively clear and flowing sections of
rivers and streams (S.J. Fu, personal observation), and so
are likely to be capable of relying on visual cues. It should
be noted, however, that fish are capable of using olfactory
information when making social decisions (Ward & Currie
2013; Kleinhappel et al. 2014). It is therefore possible that
links between metabolic rate and sociability, or the effects
of FD, may be greater than that observed in the present
study in situations where individuals can take advantage
of olfactory cues. Non-visual cues may also be of increased
importance for other species that inhabit more turbid
waters.

In summary, this study shows that a period of FD can
increase sociability in shoaling fish. Increased requirements
for nutrition may heighten the need for group-assisted for-
aging, or decreased locomotor performance may increase
the need for risk mitigation. Results also provide evidence
that links between sociability and metabolic rate are labile
and may vary according to factors such as food availabil-
ity. If sociability or spatial positioning in relation to
groups is associated with fitness (Krause & Ruxton 2002;
Silk 2007), then selection on sociability could generate cor-
related selection on additional traits (e.g. SMR) depending
on context.
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