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Introduction

In natural communities, prey often share their envi-

ronment with many predators unequally distributed

in space and time. Ecologists have recently incorpo-

rated this predator diversity into their studies, focus-

sing on the response of prey to multiple and

simultaneously occurring predators. In these cases,
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Abstract

Antipredatory behaviours are important fitness components. The proba-

bility of survival decreases if animals fail to respond to signs of danger,

but in contrast, energetic costs increase if the response to the threat is

exaggerated. We conducted a laboratory experiment designed to exam-

ine the behavioural and growth responses of a territorial fish (Atlantic

salmon fry, Salmo salar, L.) to different predatory cues (no predatory

cues, chemical cues alone, physical cues alone and combined chemical

and physical cues). We evaluated the response of Atlantic salmon,

focussing on behaviours linked to predator avoidance and to other fit-

ness-enhancing activities (territory defence and energy acquisition) both

during the day and the night. The cost of such responses in terms of

growth was assessed and we compared the relative contributions of

behaviours in explaining individual growth rate, according to each pre-

dation treatment. We demonstrated that the magnitude and nature of

behavioural modification varied according to the response variables we

considered. An index of predator avoidance and the distance from the

food source were affected in an additive fashion by predatory cues

(interaction term, p = 0.469 and p = 0.888 for the index of predator

avoidance and the distance from the food source respectively); the effect

of physical cues was stronger than the effect of chemical cues and the

effect of the combined cues was highest. An index of territoriality was

affected in a threshold-like fashion (interaction term, p = 0.040); chemi-

cal or physical cues alone had no effect but when both cues were com-

bined, Atlantic salmon significantly reduced their territorial defence. An

index of foraging activity was not significantly affected by predatory

cues (alone or combined). We detected no effect on the growth rate of

Atlantic salmon (p = 0.328). Finally, we found that the relative contri-

bution of behaviours in explaining individual growth rate changed

according to the treatments we considered. Overall, these results dem-

onstrated that fish were able to accurately integrate multiple predatory

cues and that this information was used to modulate their antipredatory

response. Behaviours involved in the response were relatively indepen-

dent of each other, allowing fish to adopt behavioural tactics that maxi-

mized the ratio of net energy gain to predator avoidance.
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the simplest expectation concerning prey mortality is

that predators will have independent linear effects

on prey, and the effect of two combined predators

would be the sum of their individual effects (i.e. an

additive effect). Sih et al. (1998) described an emer-

gent multiple predator effect as one that explains

any divergence from this expectation (enhancement

or reduction of the effect relative to the additive

expectation).

To limit the risk of predation, animals generally

increase predator avoidance activity (e.g. time spent

hidden in a refuge) while decreasing the time allo-

cated to other fitness-enhancing activities (e.g.

energy acquisition, territory defence, courtship

and ⁄ or parental care; Sih et al. 1985; Lima & Dill

1990; Kats & Dill 1998; Lind & Cresswell 2005).

To accurately respond to predation threats and to

optimize the balance between predator avoidance

and other fitness-enhancing activities, potential

prey generally obtain information from cues ema-

nating from predators and ⁄ or other prey (Kats &

Dill 1998; Schoeppner & Relyea 2005). According

to the threat sensitivity hypothesis (Helfman 1989),

prey should respond in a graded manner as the

threat posed by a predator increases (but see Helf-

man & Winkelman 1997; Brown et al. 2006). Inap-

propriate responses to the threat of predation may

decrease energy acquisition of animals that spend

too much time hiding, but may also decrease the

probability of survival if animals fail to respond to

a dangerous stimulus.

Faced with many predators, multiple cues should

contribute in an additive way to determine the

degree of risk-sensitive behaviour (Helfman 1989;

Smith & Belk 2001). The behavioural response of

prey to multiple cues has been documented in

taxonomically diverse animals (e.g. Eklov 2000;

Krams 2000; Smith & Belk 2001; Amo et al. 2004;

Stapley 2004; Mikheev et al. 2006). For instance,

the antipredatory responses of wall lizards (Podarcis

muralis) was greater when they were exposed to a

combination of visual and chemical cues emitted by

the smooth snake (Coronella austriaca) than when

exposed to any one of these cues (Amo et al.

2004).

Antipredation responses have rarely been tested in

territorial animals where individuals must simulta-

neously deal with complex trade-offs between forag-

ing activity, risk of being predated upon and

territory defence. Moreover, in most of the studies

involving antipredation responses and multiple pred-

atory cues, authors have generally focussed on a sin-

gle family of behavioural responses (e.g. behaviours

related to predator avoidance, Amo et al. 2004 or

behaviours related to foraging activity, Mikheev

et al. 2006). However, the balance between predator

avoidance activity and other fitness-enhancing activ-

ities has been overlooked. The antipredatory

response is a composite of many behaviours and the

‘single-behaviour approach’ may lead to incomplete

conclusions about the fitness consequences of avoid-

ing predation (reviewed in Lind & Cresswell 2005;

see also Ajie et al. 2007). For instance, for territorial

animals, one would predict that as the perceived risk

of predation increases, predation avoidance activity

would increase and both foraging activity and terri-

tory defence would decrease in a linear fashion (i.e.

all the behaviours are threat-sensitive). In contrast,

antipredation behaviours may not co vary in this

fashion and nonlinear responses may occur in some

behaviours to improve individual lifetime fitness

(Lind & Cresswell 2005). For example, some behav-

iours (e.g. predator avoidance) may additively

respond to predation threats while others (e.g. feed-

ing activity) may respond in a non-additive fashion

to compensate for the fitness lost by the adjustment

of other behaviours (Lind & Cresswell 2005; Ajie

et al. 2007).

In this study we used a ‘multiple-behaviours

approach’ to evaluate the antipredatory response of

a territorial animal to multiple predatory cues. We

first tested the hypothesis that all behaviours

involved in the antipredatory response react in an

additive fashion to an elevated risk of predation, as

predicted by the threat sensitivity hypothesis. We

then tested the hypothesis that this response should

be costly in terms of individual growth rate, a trait

that is indirectly related to fitness (Lind & Cresswell

2005; Ajie et al. 2007). Indeed, if all the behaviours

respond in an additive way, we would predict that

foraging activity, and thus growth rate, should

decrease as predation threat increases. Finally, we

evaluated the relative contribution of each behav-

iour in explaining individual growth rate at different

levels of predation risk to assess the variation in

individual behavioural tactics.

To address these issues, we used a territorial fish,

the Atlantic salmon (Salmo salar) as the model sys-

tem. As in many salmonids, juvenile Atlantic salmon

are sit-and-wait predators that feed on invertebrate

drift and defend a territory from hetero- and ⁄ or con-

specifics (Klemetsen et al. 2003). Territory acquisi-

tion provides direct fitness benefits as it allows fish

to acquire energy and to decrease the risk of being

preyed upon by hiding in a refuge (Fausch 1984).

Moreover, as in many fishes, the quality of the
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defended habitat can have indirect repercussions on

life-history strategies (Metcalfe et al. 1989; Hoff-

mann et al. 1999). Finally, salmonids share their

environment with many potential predators, such as

birds, mammals, water snakes, piscivorous fish and

crayfish (e.g. Martel & Dill 1995; Ludwig et al. 2002;

L’Abee-Lund et al. 2002). Several studies have dem-

onstrated that salmonids modify their behaviours

(antipredatory activity, foraging activity and ⁄ or terri-

tory defence) when exposed to single predators or

their associated cues (e.g. Martel & Dill 1995; Rein-

hardt 1999; Hirvonen et al. 2000).

We conducted laboratory expts to assess the

effects of two predatory cues (chemical cues aimed

at simulating a fish predator and physical cues

aimed at simulating a piscivorous bird) on the

behaviour and growth of Atlantic salmon fry.

Atlantic salmon fry were exposed to four different

‘cue’ treatments (no cues, chemical cues or physical

cues alone or the two cues together). We compared

behaviours related to predator avoidance, foraging

activity and territory defence among these treat-

ments. These behavioural comparisons were done

during both the day and the night, as predators are

known to strongly influence the diel activity of

prey (Reebs 2002; Kronfeld-Schor & Dayan 2003).

At the end of the expts, we measured the individ-

ual growth rate of Atlantic salmon to estimate the

fitness costs of such behavioural responses. Finally,

we compared the relative contribution of behavio-

ural traits in explaining individual growth rate

according to the four treatments.

Materials and Methods

Experimental Animals

Atlantic salmon used in the expt. were young-of-

the-year obtained from the Tadoussac provincial

hatchery (Ministère des Resources Naturelles et de la

Faune, Tadoussac, QC, Canada). These samples were

offspring of wild spawners caught during the 2003

reproductive migration in the Malbaie River (QC,

Canada). After 4 mo at the hatchery, fish were

transferred to the Laboratoire Régional des Sciences

Aquatiques (LARSA) at the University Laval (QC,

Canada). Fish were raised in one common holding

tank and fed ad libitum on commercial fish food pel-

lets. Water temperature and photoperiod in the

holding tank were similar to the conditions prevail-

ing during the expts (see the following section).

These fish have been shown to display identical

behaviours as wild fish hatched and sampled in the

Malbaie R. (Blanchet, S., Paez, D. P., Bernatchez, L.

and Dodson, J. J., unpubl. data).

Experiments were conducted using 12 artificial

channels fitted with a re-circulating water system.

The channels were arranged in two independent-

blocked staircase designs. Each block consisted of a

biological filter, two large collecting basins (720 l.),

three external pumps and six artificial channels

(Fig. 1). A PVC tube (5 cm in diameter) linked the

two basins and fed water to the biological filter. Two

pumps supplied water from one of the basins to four

of the six channels at a rate of 2500 cm3 ⁄ s per channel.

Fig. 1: Simplified view [side view (a) and top

view (b)] of a blocked staircase design. Two

such independent staircases were used in the

expt., providing 12 experimental channels.

Each block contains one biofilter, two large

basins (720 l), three external pumps and six

channels. See the text for a full description of

the set-up.
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The other pump supplied the same water discharge

from the second basin to the two other channels

(Fig. 1). Each channel was made of transparent Plexi-

glas and was 1.90 m long (only approx. 1.50 m was

available for fish), 0.30 m wide and 0.30 m deep.

The water depth in each channel was 12 cm and

average current velocity was 8 cm ⁄ s. A single layer of

river cobbles (2–3 cm in diameter) covered the entire

surface of the arena. Two 60-W light bulbs above

each channel served to simulate day light (80% of

the available intensity), dawn, dusk and night (7%

of the available intensity). Light:dark cycle was

9:14 h plus 30 min of dawn and dusk. Light intensity

and photoperiod were automatically set with a pho-

toperiod monitor (SunMatch; Aquabiotech Inc.,

Coaticook, QC, Canada). Water temperature was

maintained constant at 14 � 1�C which is close to

the water temperature of the river Malbaie in mid-

Sep. (13.5 � 3.3�C). Daily food ration (3% of the ini-

tial wet body weight, i.e. approx. 3 g pellets per day)

was dispensed at the upstream end of the channel by

an automatic feeder. Between 0 and 10 pellets were

released at 30-min intervals for 24 h. The inner side

of each channel was marked along its length to

define 15 equal zones (zone 1 being upstream,

directly below the automatic feeder) to allow record-

ing of horizontal distribution and individual fish

movements. Two half-bricks (12 · 5 · 0.8 cm), each

glued to four cobbles, were placed in zones 3 and 13

(i.e. one in the first and one in the second-half of

each channel) to serve as refuges.

On 7 February 2005, 48 fry were selected from

the holding tank to produce 12 groups of four fish.

After 24 h of food deprivation, they were anaesthe-

tized (with clove oil), measured [mean fork length:

65.89 mm � 1.77 (SD)] and weighed [�x:

2.64 g � 0.22 (SD)]. Neither size (One-way anova,

F11,36 = 0.94, p = 0.516) nor weight (One-way ano-

va, F11,36 = 0.62, p = 0.797) varied among groups,

and fish were selected to limit variability within each

group. Fish were then individually marked using

Visible Implant Elastomer tags (Northwest Marine

Technology, Shaw Island, WA, USA). Each group

was haphazardly allocated to an experimental chan-

nel for a 30-d expt.

The experimental design consisted of four treat-

ments (three replicates ⁄ treatment); (1) a control (i.e.

no predatory cues), (2) presence of chemical cues

(to simulate a fish predator), (3) presence of physical

cues (to simulate a bird predator) and (4) combina-

tion of both types of cues. The chemical cues, aimed

at simulating the presence of a fish predator, were

obtained by introducing a large rainbow trout in

each of the collecting basins of only one of the

blocked staircases for the 30-d period. These hatch-

ery-reared rainbow trout measured 29.4 and

33.3 cm in basins 1 and 2, respectively, and were

fed with a piece of a freshly dead Atlantic salmon fry

(i.e. roughly the head of the fish) twice a day. Sal-

monids are able to perceive chemical cues released

by predators (i.e. kairomones) and ⁄ or by conspecifics

attacked by a predator (i.e. alarm cues) (Chivers &

Smith 1998; Kats & Dill 1998; Mirza & Chivers

2001; Brown 2003). In this study, water marked

with chemical cues continuously flowed through six

of the channels. To enhance the effects of chemical

cues, we also introduced once every 3 d 20 ml of a

distilled solution of crushed Atlantic salmon fry (see

Leduc et al. 2004 for the methodology concerning

the solution) upstream of the six channels. The

physical cues aimed at simulating an attack of an

aerial predator were achieved by plunging a wooden

bird bill, mounted on a fine wooden arm, into six of

the channels: three of these channels also contained

water marked with chemical alarm cues (treatment

4) whereas the remaining contained water free of

chemical cues (treatment 3). Specifically, three times

a day, the wooden bill was slowly placed above the

channel after which we conducted a simulated

attack on all the fish that were out of a refuge in the

first 75 cm of the upstream end of the channel.

If fish were perturbed during the stages before the

attack, the observer waited for few minutes until fish

came back to their initial position. The simulated

attacks were halted when all fish were hidden

and ⁄ or away from the 75 cm upstream end of the

channel. No attack was simulated in the remaining

75 cm of the downstream end. Similar simulated

avian predation has been successfully used in several

studies (e.g. Loot et al. 2002; Griffiths et al. 2004).

Behavioural observations were made during both

day-time and night-time after 2 d of acclimation.

During day-time (between 9 am and 1 pm), direct

visual observations were carried out for a period of

20 min every 3 d. In this case, six different channels

were haphazardly selected each day. At the end of

the expt., each channel was observed for five periods

of observation. Night-time observations (between

9 pm and 11 pm) were done every 5 d and four chan-

nels per night were observed for 10 min each.

Night-time observations were carried out using a

spotlight with a red filter so as not to disturb fish

(Reebs 2002; Hansen & Closs 2005). In total, each

channel was observed for two periods of observation.

For both day-time and night-time periods, observa-

tions began 5 min after the observer’s arrival to
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habituate the fish to his presence, and they were

done so that each observation session coincided with

a feeding event. Seven behaviours were scored dur-

ing each trial. Three of them were related to territo-

rial activity: the number of aggressive interactions

(chase, displays and nip, Kalleberg 1958; Keenley-

side & Yamamoto 1962) initiated by each fish, the

number of movements and the distance of each

movement. A movement was scored only when a

fish moved a distance greater than its body length

and when this fish remained at its new site for at

least 10 s in a fixed position. A movement was not

scored when it occurred during an aggressive act.

Three other behaviours were related to foraging

activity: the distance from the feeder, the number of

food items consumed (i.e. feeding rate) and the per-

centage of time spent in a feeding position (a fish

was considered in a feeding position when it was

out of a refuge, facing the current and propped up

on its pectoral fins). Finally, the percentage of time

hiding under a refuge was a behaviour related to

predator avoidance.

Individual performance was evaluated as the daily

instantaneous growth rates (G) over the course of

the expt. using the following formula:

Gij ¼
lnðWit2

Þ � lnðWit1
Þ

ðt2 � t1Þ

where Gij is the daily growth rate of individual i in

the channel j, Wit1 is the weight of this fish at the

beginning of the considered growth period, Wit2 is

the weight of the individual at the end of the expt.

and (t2 ) t1) equalled 30 d.

Statistical Analysis

As experimental design differed between day-time

and night-time observational periods, data were

analysed separately. In all analyses, we used each

individual fish as the replicate unit.

Principal component analyses (PCAs) were used to

summarize the behaviours related to territory

defence and feeding activity and express them as

two indexes: an index of territorial activity and an

index of foraging activity. We used the percentage of

time spent hiding under a refuge as a direct index of

predator-avoidance activity. Principal component

analysis reduces dimensionality and eliminates co-

linearity between behaviours. The projected scores

on the first principal component (PC1) were used as

a synthetic independent variable reflecting the index

of territoriality or the index of foraging activity of

each fish (see Sloman et al. 2002; Bell 2005). Preli-

minary analysis showed that the distance from the

food source contributed little to the first axis of the

PCA used to calculate the index of foraging activity

(Blanchet S., pers. obs.). To avoid losing information,

this behaviour was analysed independently and the

index of foraging activity was reduced to the time

spent in a feeding position and the number of food

items consumed. Table 1 summarizes the results of

the PCAs and the behaviours that were considered

in the study. For both indexes, a high PC1 score (i.e.

strong positive values) indicated highly territorial

fish and highly active fish (in terms of foraging

activity).

We first used mixed-linear models to test for the

effect of predatory cues treatments on each of the

four dependent factors (index of territoriality, index

of foraging activity, distance from the food source

and index of predator avoidance). We used the indi-

vidual value for each period of observation (five

periods during the day and two periods during the

night) as the replicate unit, to test for a possible

effect of habituation to the predatory cues. If habitu-

ation occurred, one would expect that the effects of

predatory cues should decrease over the expt.

To deal with potential spatial (within a channel) and

temporal (between observation periods) dependency

among replicate units, we used ‘individual’ nested

within ‘period of observation’ nested within ‘chan-

nel’ as the random factor (Pinheiro & Bates 2000).

‘Period of observation’, ‘predatory cues treatment’

and the resulting interaction were the fixed factor.

Table 1: Summary of the behaviours analysed to describe the anti-

predatory response of Atlantic salmon when facing single or com-

bined predatory cues. The results of principal component analyses

used to summarize the behaviours related to territorial defence and

feeding activity as two indexes are also presented. Loadings represent

the strength of the correlation between a trait and a canonical axis

Behaviour Loading

(a) Index of territory defence

Number of given aggression 0.806

Number of movements 0.884

Size of the movements 0.721

Cumulative variance explained 65.13%

(b) Index of feeding activity

Feeding rate 0.772

Time spent in a feeding position 0.772

Cumulative variance explained 59.56%

(c) Distance from the feeding source –

(d) Index of predator avoidance

Time spent under a refuge –
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For day-time data and for each behaviour, we

additionally computed mixed-linear models using

‘chemical cues’ and ‘physical cues’ as two fixed fac-

tors, to test the additivity of the combined preda-

tor-cue effects. A significant interaction between

both factors would indicate that the effect of the

two combined predatory cues was not the sum of

their individual effects (i.e. deviation from the null

expectation, Sih et al. 1998). In these models, we

did not included ‘period of observation’ as a fixed

factor as previous analyses provided little support

for a habituation effect (see Results). Thus, individ-

ual values were averaged over all observation peri-

ods, and ‘individual’ was nested within ‘channel’

and used as the random factor (Pinheiro & Bates

2000).

To evaluate the cost of the behavioural responses

on a secondary fitness trait, we computed a mixed-

linear model to compare the effect of the different

combination of predatory cues on the growth rate of

Atlantic salmon. We included the ‘initial body

weight’, ‘predatory cues treatment’ and the resulting

interaction as fixed factors. ‘Individual’, nested

within ‘channel’, was the random factor (Pinheiro &

Bates 2000).

Finally, we used hierarchical partitioning (Chevan

& Sutherland 1991) to assess the relative importance

of each behaviour in explaining the individual

growth rate of Atlantic salmon fry. A single model

was constructed for each predation treatment and

we used the individual as the replicate unit. As indi-

vidual recognition was not possible during the night,

only day-time data were used in these analyses.

In hierarchical partitioning, all possible models in a

multiple regression setting are jointly considered to

identify the most likely causal factor. This process

involved computation of the increase of the fit of all

models with a particular factor compared with the

equivalent model without that factor (for more

details and examples, see Chevan & Sutherland

1991; Mac Nally 2000; Pont et al. 2005). Hierarchical

partitioning provides an independent explanatory

power (I) for each variable. Statistical significances

of the independent contributions of variables were

tested by a randomization routine which yielded Z-

scores for the generated distribution and a measure

of statistical significance based on an upper 0.95

confidence limit.

The index of predator avoidance was arcsine trans-

formed to meet the assumption of homoscedascticity

(Bartlett’s test, Zar 1999). All statistical analyses

were performed using R version 2.2.1. (R Develop-

ment Core Team 2005).

Ethical Note

No fish were injured during the expts. This study

was carried out according to legislation in Canada

under license No. 2004-140.

Results

Behaviour

During the day-time and night-time, we found no

evidence that fish habituate to the exposition to

physical or chemical cues, as ‘period of observation’

and the interaction term did not significantly influ-

ence any of the four behaviours (Table 2a,b).

During the day, we found that three of the four

behaviours (index of territoriality, distance from the

food source and index of predator avoidance) were

affected by predatory cues treatment (Table 2a;

Fig. 2). For these three significant variables, we

found that the effect of the combined predatory cues

was stronger than the effects of one predatory cue

alone and significantly different from the control

treatment (see Fig. 2). The effect of combined preda-

tory cues significantly decreased the index of territo-

riality, increased the distance between fish and the

food source and the time fish spent under a refuge

(i.e. increased the index of predator avoidance).

When each predatory cue was considered as a single

independent factor, we found the index of foraging

activity was not altered by any of the predatory cues

(Table 3). Chemical cues alone affected the index of

territoriality and the index of predator avoidance

(Table 3). Physical cues had a significant effect on

the distance from the food source and the index of

predator avoidance (Table 3). The significant interac-

tion found between chemical and predatory cues for

the index of territoriality indicated that this behav-

iour was non-additively altered by the combination

of cues (Table 3; Fig. 2). In contrast, distance from

the food source and the index of predator avoidance

were altered additively by the combination of cues

(see Table 3; the interaction terms were nonsignifi-

cant for both behaviours).

During the night, only the index of territoriality

was affected by predatory cues (see Table 2b; the

index of territoriality was significantly higher in the

control treatments, results not shown).

Growth

At the end of the expt., growth ranged from 0.0149

to 0.0107 according to the treatment we considered
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(results not detailed). We detected no statistical

effect of the initial body weight of the fish

(F1,30 = 0.56, p = 0.458) and of the predatory cues

treatments (F3,8 = 1.32, p = 0.328) on growth rate.

The interaction was not significant (F3,30 = 0.58,

p = 0.627).

Relative Contribution of Behaviours

Using hierarchical partitioning, we demonstrated

that the independent effect of the index of territori-

ality was high (between 40% and 50%) and signifi-

cant in explaining the individual growth rate in the

control, the physical cues and the chemical cues

treatments (Fig. 3a,b,c). The three other behaviours

had a low and nonsignificant independent explana-

tory power. In contrast, in the combined predatory

cues treatment, the explanatory power of the index

of territoriality was low and nonsignificant while

most of the total variance (more than 50%) was

explained by the index of foraging activity alone

(Fig. 3d).

Discussion

In this study, we evaluated the effects of multiple

predatory cues on several antipredatory behaviours

of a territorial animal. We demonstrated that the

nature and magnitude of behavioural modification

varied according to the response variables we consid-

ered. Indeed, three of the four behaviours we con-

sidered (i.e. index of territoriality, index of predator

avoidance and distance from the food source) were

significantly altered by at least one of the predatory

cues while foraging activity was not altered. More-

over, of the three altered behaviours, two of them

(i.e. index of predator avoidance and distance from

the food source) were altered in an additive way,

while the index of territoriality was affected in a

non-additive way. Although many studies have

investigated the antipredatory response of prey

when faced with multiple predatory cues (e.g. Hart-

man & Abrahams 2000; Chivers et al. 2001; Smith &

Belk 2001; Amo et al. 2004 ; Stapley 2004; Mikheev

et al. 2006), few of them have incorporated more

than one behavioural component. Smith & Belk

(2001) studied the effects of diet and hunger level of

the predator Lepomis cyanellus on two antipredatory

behaviours (predator avoidance and predator inspec-

tion) of the western mosquitofish (Gambusia affinis).

In accordance with our findings, they found that the

nature of behavioural alteration (additive or non-

additive) depended on the response variable that

was examined. Here, by considering a larger set of

behavioural components, we generalized the conclu-

sion that the behaviours related to the antipredatory

response are relatively independent of each other.

Two of the behavioural responses we observed

(the index of predator avoidance and the distance

from the food source) varied in accordance with the

threat sensitivity hypothesis (Helfman 1989), indicat-

ing that territorial vertebrates are able to integrate

multiple sensory inputs to accurately assess the risk

of predation and respond in an additive manner to

Table 2: Mixed-models analyses of behavioural responses to predators by Atlantic salmon fry during both the day (a) and night (b). Analysis

included the fixed effects of period of observation predatory treatment. During the night, the response ‘Index of predator avoidance’ was not

included as no fish were observed under a refuge

Response variables

Index of

territoriality

Index of

foraging activity

Position from the

food source

Index of predator

avoidance

(a) Day-time

Predatory cues treatment F3,8 5.10 0.93 4.65 10.62

p 0.029 0.469 0.036 0.003

Period of observation F4,32 0.94 0.81 0.71 0.71

p 0.455 0.526 0.589 0.588

Period · predatory cues treatment F12,32 1.47 0.52 0.29 0.42

p 0.183 0.881 0.986 0.942

(b) Night-time

Predatory cues treatment F3,8 6.32 1.84 2.51 –

p 0.017 0.218 0.132 –

Period of observation F4,32 2.18 2.36 1.55 –

p 0.177 0.134 0.248 –

Period · predatory cues treatment F12,32 0.57 3.04 0.68 –

p 0.651 0.092 0.584 –
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the threat posed by the predator(s). Smith & Belk

(2001) similarly found that for predator avoidance,

western mosquitofish integrate multiple cues in an

additive way. For these two behaviours, the effect of

physical cues was stronger than the effect of chemi-

cal cues and the effect of the combined cues was

higher. In our expt., physical cues probably signalled

a more proximate danger and therefore elicited a

stronger behavioural response. Similarly, Weightman

& Arsenault (2002) concluded that the sea pen Otilo-

sarcus gurneyi (Cnidaria) was more sensitive to physi-

cal contact with the predator sea star Dermaterias

imbricate than to chemical cues emanating from this

predator. However, our result contrasted with the

results of Watson et al. (2004), who found that the

salamander Plethodon angusticlavius was more recep-

tive to chemical cues emanating from the snake

Diadophis punctatus than to a physical attack by that

predator. The authors acknowledged that the relative

weakness of the response to physical attack may be

related to the attack having occurred away from the

foraging area (Watson et al. 2004). Overall, these

results suggest that prey are more sensitive to direct

cues (i.e. physical cues) rather than indirect cues

(i.e. chemical cues).

In contrast to these behaviours, the index of terri-

torial defence was affected in a non-additive manner

to the simulated cues. Indeed, Atlantic salmon did

not modify their activity of territoriality when

exposed to chemical or physical cues, but they sig-

nificantly reduced their activity when exposed to the

combined cues. This threshold-like response, also

called ‘hypersensitive response’ (Helfman & Winkel-

man 1997; Brown et al. 2006), indicated that Atlan-

tic salmon modified their territorial defence only

when the perceived risk of predation was maximal

(i.e. when cues were combined). It may be that the

fitness benefit of defending a territory is higher than

the risk of being preyed upon, until the risk of pre-

dation becomes too severe. Indeed, in salmonids as

in many territorial species, a territory provides access

to a food source, but also offers a refuge to fish faced

with a predator (Fausch 1984; Nakano 1995). More-

over, when predation risk is important, the risk of

losing a territory to other congeners is probably low-

ered because the general activity of the fish

decreases.

The foraging activity of Atlantic salmon was not

altered by any cue. As previously stated, fish moved

further away from the food source as predation risk

increased. However, they were able to maintain a

relatively high foraging activity, indicating that this

activity probably imparted an important fitness

Fig. 2: Patterns of the day-time antipredation response of Atlantic

salmon when reared under four different experimental treatments (‘no

predatory cues’, ‘chemical cues’, ‘physical cues’ and ‘chemical + physi-

cal cues’ means fish reared with no predatory cues; with chemical

cues emitted by a piscivorous rainbow trout fed with freshly dead sal-

mon; with physical cues mimicking a bird bill; with combined chemical

and physical cues respectively). Four behaviours were considered: an

index of territoriality, an index of foraging activity, the distance from

the food source and an index of predator avoidance. Figures identified

by letters (A, B or C) indicated the behavioural traits significantly

affected by treatments. Two bars significantly identical (p > 0.05, con-

trast tests) are identified by the same letter. Data are �x (�SE).
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advantage that was at least as important as directly

avoiding predators (Lind & Cresswell 2005; Ajie

et al. 2007).

We demonstrated that predation only slightly

affected behaviours during the night, indicating that

the effect of predation was low during this period.

None of the fish were observed hiding under a ref-

uge during the night, indicating that fish did not try

to avoid predators. Several authors have observed

that prey species lower their day-time activity, rela-

tive to activity during the night, in the presence of

diurnal predators (reviewed in Reebs 2002; Kron-

feld-Schor & Dayan 2003). These results are in

accordance with our finding as they suggested that

prey are generally less sensitive to predators during

the night. However, as pointed out by Reebs (2002),

most of these studies used light intensity (or moon

phase) as a surrogate of predation risk; here we pro-

vide the first direct evidence that predation risk had

little effect on antipredation responses during the

night.

Our predatory manipulations were probably exag-

gerated compared to what occurs in natural systems.

Indeed, there is little chance that, in a natural

stream or lake, a fish remains continuously near a

predator if it can detect its proximity or if it is regu-

larly attacked by this predator. Thus, we must

acknowledge that the behavioural responses we

described here are probably the maximum that

might be expected in natural systems. However,

despite the strength of these responses, we found no

evidence that the growth rate of Atlantic salmon

was altered. This result is consistent with other stud-

ies finding no evidence for an effect of predatory

cues on prey growth rate (Van Buskirk & Yurewicz

1998; Nyström & Abjornsson 2000; Teplitsky et al.

2003; Schoeppner & Relyea 2005; but see Skelly

1992 ; Relyea 2003; Teplitsky et al. 2004). This result

demonstrates that Atlantic salmon adopted a

behavioural tactic that aimed to maximize the

energy gain while limiting the risk of being eaten.

Indeed, behavioural tactics changed according to the

risk of predation. When the risk of predation was

perceived as relatively low (i.e. during the control,

the chemical cues and the physical cues treatments),

the activity of territory defence explained an impor-

tant amount of the total variance observed in indi-

vidual growth rate. We propose that when the risk

of predation was low, it was beneficial for Atlantic

salmon to defend their territory as it provided both a

source of food and a refuge in case of predator

attack. However, when the risk of being preyed

upon was higher (i.e. during the combined cues

treatment), feeding activity was the better predictor

of individual growth rate. According to Biro et al.

(2003), these results suggest that fish are behaving

in a manner that growth rate was maximized, while

adjusting behaviours that are not directly related to

growth. Some authors have speculated that fish may

favour night-time activity to meet basal energy

requirements and thus avoid activity during the day,

the time at which the risk of predation is predicted

to be higher (Metcalfe et al. 1999). However, we

found that feeding rate was approx. five times lower

during the night than during the day (in average:

0.054 items consumed ⁄ fish ⁄ 10 min during the night

and 0.285 items consumed ⁄ fish ⁄ 10 min. during the

day, results not shown), indicating that most of the

feeding activity took place during the day (see also

Fraser & Metcalfe 1997).

The antipredatory response is a composite of many

behaviours and for the first time, we simultaneously

included behaviours that were related to predator

avoidance and to other fitness-enhancing activities

in the presence of multiple predatory cues. We

found evidence that Atlantic salmon were able to

discriminate between chemical and physical cues,

and to integrate this information as a surrogate of

predation risk. According to that information, the

magnitude and the nature of the response was

Table 3: Mixed-models analyses of behavioural response to predators by Atlantic salmon fry during day-time. Analyses included the fixed effects

of the two simulated predators (Physical cues and Chemical cues) to test the non-additivity of antipredator response

Source of variation

Response variables

Index of

territoriality

Index of

foraging activity

Position from the

feeding source

Index of predator

avoidance

Chemical cues F1,8 6.34 0.54 2.07 10.26

p 0.035 0.485 0.187 0.012

Physical cues F1,8 4.41 2.11 11.97 22.88

p 0.068 0.184 0.009 0.001

Chemical · physical cues F1,8 5.96 0.14 0.02 0.58

p 0.040 0.716 0.888 0.469
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strongly dependent upon the behaviour that was

considered. Some behavioural responses were unal-

tered by the presence of predatory cues whereas oth-

ers were altered in a non-additive or an additive

way. Behaviours that conferred a growth advantage

in a given situation were only slightly altered by the

presence of simulated predator(s). In contrast, the

behaviours that directly allowed fish to avoid preda-

tors were more sensitive to predation risk. This

behavioural plasticity appeared to be adaptive as it

allowed fish to maintain growth while decreasing

their risk of being preyed upon.
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