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Domesticated (farm) salmonid fishes display an increased willingness to accept risk while foraging, and

achieve high growth rates not observed in nature. Theory predicts that elevated growth rates in domestic

salmonids will result in greater risk-taking to access abundant food, but low survival in the presence of

predators. In replicated whole-lake experiments, we observed that domestic trout (selected for high growth

rates) took greater risks while foraging and grew faster than a wild strain. However, survival consequences

for greater growth rates depended upon the predation environment. Domestic trout experienced greater

survival when risk was low, but lower survival when risk was high. This suggests that animals with high

intrinsic growth rates are selected against in populations with abundant predators, explaining the absence of

such phenotypes in nature. This is, to our knowledge, the first large-scale field experiment to directly test this

theory and simultaneously quantify the initial invasibility of domestic salmonid strains that escape into the

wild from aquaculture operations, and the ecological conditions affecting their survival.
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1. INTRODUCTION
Theoretical studies suggest that the trade-off between

growth and mortality rates, mediated by prey foraging

behaviour, may be a general mechanism that links individ-

ual behaviour to populations. The theory predicts that prey

should select habitats that minimize the ratio of predation

rate to growth rate (the l/g hypothesis; Werner & Gilliam

1984). Under a wide variety of fitness functions, this

criterion (among others) yields the general prediction that

animals should increase their activity and use of risky

habitats when food is scarce, thus increasing growth but

also predation rates (Houston et al. 1993; Werner & Anholt

1993;Mangel & Stamps 2001). In other words, growth and

mortality rates must be correlated through differences in

foraging behaviour. Studies in the laboratory (e.g. Gilliam

& Fraser 1987; Anholt & Werner 1995, 1998) and in the

field (Biro et al. 2003a,b) support these predictions and

show substantial increases in prey activity, use of risky

habitats and greater predation mortality with declines in

food abundance. Risk-taking behaviour probably results

from constraints that force individuals to take risks, such as

time constraints to reach a particular body state, or a base-

line risk of predation that is independent of behaviour

(Rowe & Ludwig 1991; Walters & Juanes 1993; Werner &

Anholt 1993).

Artificial selection for maximum growth rates in salmonid

fishes (trout and salmon) has demonstrated that

domestic salmonids have a much greater capacity for

growth than wild strains (Gross 1998; Devlin et al. 2001)

owing to higher levels of growth-hormone, which stimulates

appetite (Johnsson et al. 1996; Fleming et al. 2002). Given
that such elevated growth rates are physiologically possible,

then why are they not observed in nature when so many fit-

ness traits are positively correlated with body size? Given

that growth and predation rates are correlated when food is

limiting, we would expect predation to select against

elevated appetite and the risk-taking required to achieve

elevated growth rates. In this study, we quantify the behav-

iour, growth and survival of domestic versus wild strains of

rainbow trout (Oncorhynchus mykiss) as a function of pre-

dation risk in a replicated whole-lake experiment. This

study allows us to rigorously test, for the first time to our

knowledge, the hypothesis that predators select against

extreme growth rates of fishes in nature. While this sheds

light on the evolution of growth rate, it also represents a rare

large-scale test of the l/g hypothesis because it manipulates

behaviour directly to test for the predicted mortality effects,

and is therefore a direct test of the contribution of behaviour

to populations (Anholt 1997). This study also addresses the

predation conditions that may affect the survival of

domestic (farm) salmonids escaping from aquaculture

operations. Each year, tens of thousands of domestic salmo-

nids escape into the Pacific and Atlantic oceans from net-

cage aquaculture operations, and potentially threaten wild

populations (Gross 1998). Field studies have been under-

taken of the reproductive behaviour and success of escapees

and their hybrids (Fleming et al. 2000; McGinnity et al.

2003), and laboratory studies show a greater willingness of

domestic fishes to accept risk to access food-rich habitats (e.g.

Johnsson&Abrahams 1991; Johnsson et al. 1996).However,

no large-scale field experiments yet exist that directly quantify

the relative survivorship of wild and domestic strains and the

ecological conditions affecting their survival. Therefore, the

likelihood that escaped fishes will survive after escape and
#2004The Royal Society
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potentially compete and interbreed with wild fishes is not

known.

Our research lakes provide distinct spatial and temporal

habitats for trout that differ in the abundance of food and

exposure to predators, allowing us to test for the predicted

behavioural responses in response to variation in food and

predation. The only significant predator on age-1+ trout in

our lakes are loons (Gavia immer; C. Beckmann, P. A. Biro

and J. R. Post, unpublished data, this study). Therefore,

absence of loons from some lakes effectively constitutes

predator-free conditions. Nearshore and bottom habitats

may provide physical structure as a refuge from predation

by loons but little plankton food (the main food source for

the trout), whereas deep openwater habitats provide abun-

dant food but lack physical structure and are risky (Post et

al. 1999; Biro et al. 2003a). However, loons are visual pre-

dators, making the risk of predation lower during low-light

periods at dusk. Therefore, we predicted that the elevated

appetite of domestic relative to wild trout would result in an

increased willingness to accept risk by foraging more in

food-rich, but risky pelagic (open-water) habitats during

the day. Consequently, domestic trout should grow more

quickly than wild trout, but experience greater predation

mortality as a cost when in the presence of predators.
2. METHODS
Trout were stocked on 6 June 2003 into five small experimental

lakes (1.5 to 4 ha) located in British Columbia, Canada. Char-

acteristics of the lakes used (K1, K2, B2, B3 and CP1) are

described in detail in Biro et al. (2003a). The lakes contain no

natural fish populations and are closed to fishing. Domestic and

wild strains of rainbow trout were obtained from the Fraser Valley

Trout Hatchery (Abbotsford, British Columbia), raised to a

common average length (mean length of 15 cm) and sorted into

two non-overlapping size-classes by evenly splitting the length–

frequency distribution. Fins were clipped to identify strain

(adipose fin, a vestigial fin or no clip) and size-class (left or right

ventral fin). Each strain was stocked at a density of 165 trout ha�1

into each lake. The domestic strain of trout has a higher intrinsic

growth rate than the wild strain when reared under identical

conditions, achieving greater growth via greater appetite

(K. Scheer, Fraser Valley Trout Hatchery, unpublished data).

Because the two strains are reared identically, variation in growth

and survival rates should be driven primarily by genetic variation

between these strains (Johnsson & Abrahams 1991). By examin-

ing differences in performance between the two phenotypes within

a single lake, we were able to control for biotic and abiotic

variation among lakes and obtain a more powerful experiment. If

the wild strain is in some way ‘domesticated’ slightly during

rearing, then this would make our comparisons of the two strains

conservative.

We assessed use of the food-rich but risky pelagic habitat by

trout with floating experimental gillnets with graded mesh sizes

(see Biro et al. 2003a) within two weeks of stocking. We conduc-

ted only a single netting trial for habitat use to minimize killing

fishes that had survived, because vulnerability to gillnets (and

therefore mortality) increases with body size (Biro et al. 2003a).

Rainbow trout of the size used in this experiment primarily eat

zooplankton, which is most abundant in the open-water, or

pelagic, habitat (Post et al. 1999). We assumed that the pelagic

habitat was the most risky based on previous work showing

avoidance of this habitat by trout (Post et al. 1999), the absence
Proc. R. Soc. Lond.B (2004)
of any physical structure into which they could escape, and focal

animal observations of loons which indicated that loons initiate

their foraging dives in the pelagic habitat (C. Beckmann, unpub-

lished data). We surveyed the loon lakes over 6 days immediately

after stocking, 5 days during the netting trial in the latter half of

June, and 4 days in mid-July. In total, 58 survey visits were con-

ducted whereby 15min were spent surveying each lake with bino-

culars for the presence of loons to assess variation in loon presence

among lakes. Lakes B2 and B3 never had loons present (Biro et al.

2003c), and so represent our control zero-risk treatment. Lakes

K1 (14 out of 16 survey visits) and K2 (10 out of 19 surveys) fre-

quently had one, but never two loons on each lake. Lake CP1 had

frequent loon visitation, whereby on 10 out of 23 survey visits two

loons were present and on 21 out of 23 surveys one or more loons

were present. Thus, because of the relatively limited data, lakes

K1 and K2 were classified as intermediate risk, lying between the

zero-risk lakes and lake CP1, which frequently had two loons on

the lake. Therefore, to be conservative, we treated loon presence

as a categorical variable rather than continuous.

We estimated autumn population size and mean mass from 22 to

27 September by lethal gillnet sampling in all habitats for five con-

secutive nights with a standardized effort (Post et al. 1999; Biro et al.

2003a). One week before autumn netting, we stocked two size-

classes each of domestic and wild trout into all lakes to estimate the

proportion of each group recaptured over the five nights of netting,

and size dependence in recapture probability (maxillary and ventral

fin clips were used). We used these values (domestic¼ 0:36 and

wild ¼ 0:45, p < 0:05, no size effect, p > 0:05) to correct our total

catch and obtain an estimate of the number of survivors (accounting

for netting mortality during the summer). It is possible to obtain sur-

vivorship values of greater than unity when applying such correction

factors to the total catch (Post et al. 1999), but this bias will not affect

conclusions drawn from estimates among experimental treatments.

Instantaneous growth rate was calculated according to Post et al.

(1999) using the vulnerability-corrected mean mass for each cohort

in September.

All analyses were conducted with general linear models, using

type-III likelihood ratio (LR) tests for the significance of effects,

which are v2 distributed. Least-squares means were also reported

to determine which treatment levels differed from one another, or

differed from zero, again using LR tests. Analyses of catch rates

and proportions of domestic trout caught were done as repeated

measures (day and dust samples) on log- (standardized catch rate

+1) and arcsine-square root (ASR)-transformed data. Each lake

represented a single datum in the analyses of growth and survival,

which was expressed as the percentage difference relative to the

domestic strain within each lake. Analyses were on the raw data,

and normal errors were assumed as they varied both positive and

negative. Estimation of the absolute proportion of trout surviving

included two size-classes of trout for each strain to yield n¼ 20

and was carried out on ASR-tranformed data. Analyses focusing

on the differences in growth and survival between strains within

each lake and size-class yielded a total sample of n¼ 10. Beha-

vioural data were pooled into only two risk categories because of

zero catch rates in one lake (CP1, frequented by two loons), which

prevented us from calculating the proportion of domestic trout in

the catch.
3. RESULTS
We observed that all trout (domestic and wild) used the

food-rich pelagic habitat to a greater extent in lakes without

loons than in lakes with loons (v21 ¼ 3:82, p¼ 0:05; figure
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1a). Catch rates declined from day to dusk in lakes without

loons but increased from day to dusk in lakes with loons

(predator� time interaction: v21 ¼ 4:19, p < 0:05; figure

1a). In particular, there was almost no daytime use of the

pelagic habitat by trout in lakes with loons, but moderate

use at dusk. Differences in mean catch rates between treat-

ments all differed from each other (all p < 0:03). With loon

predators present, the few trout present in the pelagic habi-

tat by day were all domestic, whereas the proportion of

domestic trout declined dramatically at dusk indicating

higher crepuscular activity of wild trout (figure 1b). How-

ever, the effects of loon presence, time of day and the inter-

action were not significant (v2 p’s¼ 0.2, 0.08 and 0.09,

respectively). Nonetheless, contrasts of the least-squares

means indicated that exclusive daytime use of the pelagic

habitat by domestic trout in lakes with loons differed from

low domestic use at dusk, and domestic useage in lakes

without loons (p < 0:05).
Overall survival of trout in the absence of predators did

not differ from 100% (least-squares estimate¼1.07,

s.e.¼0.1, p < 0:05). However, predator presence reduced

trout survival by 62% (i.e. less than half as many survivors;
Proc. R. Soc. Lond.B (2004)
v21 ¼ 16, p < 0:0001). There were survival consequences

for greater use of the food-rich and risky habitat by

domestic trout, but this depended upon variation in pred-

ator visitation among lakes (figure 2a). Domestic trout

experienced greater survival than wild trout in the absence

of predators, marginally greater survival at intermediate

risk, and significantly lower survival at the highest risk level

(v22 ¼ 5:5, p < 0:02; figure 2a). Size at stocking and the

interaction had no effect (both p > 0:09). Survival differ-

ences in each risk category were all significantly different

from zero ( p < 0:04).
Relative risk of predation had a significant effect on the

growth advantage of domestic trout (v22 ¼ 11, p < 0:005),

whereas size at stocking and the interaction had no effect

(v21 ¼ 0:8 and v22 ¼ 3:7, respectively, both p > 0:15; figure

2b). In the absence of predators, growth of domestic trout

was equal to that of the wild trout (i.e. difference did not

differ from zero: p > 0:75). By contrast, growth rates of

domestic trout were on average nearly 20% greater than
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Figure 1. Trout use of the food-rich, but risky open-water
(pelagic) habitat in relation to predation risk and time of day.
(a) Standardized catch rate (catch net�1 hr�1 ha�1 of lake
area) of domestic and wild trout combined and, (b) proportion
of domestic trout in the catch in the risky habitat. Back-
transformed least-squares means and associated standard
errors (s.e.) are shown; n¼ 2 lakes in each treatment.
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Figure 2. Percentage differences in growth rate and survival
of domestic relative to wild trout in relation to level of
predation risk. (a) Survival and (b) growth rate advantages of
domestic trout over the wild (domestic–wild/wild). Although
the relative risk value of 2 corresponds to greater loon presence
than 1 (see x 2), we nonetheless treated risk as a categorical
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Least-squares means and associated s.e. are shown.
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wild trout in lakes with predators present (no difference

among treatment levels with risk, p > 0:75).
4. DISCUSSION
This experiment has shown that rainbow trout fish that

have been artificially selected for high growth rates respond

to predators in an appropriate manner, but are more willing

to accept risk than the wild strain to gain access to abun-

dant food resources. Consequently, greater growth rates

are achieved, but with a mortality cost that is related to the

level of predation risk. With increases in predation risk,

there was a corresponding decline in survival advantage

and an increase in growth advantage for the domestic trout.

These results are consistent with theory which predicts that

growing quickly and minimizing mortality represents a

trade-off that is mediated through foraging behaviour

(Werner & Gilliam 1984; Gilliam & Fraser 1987; Houston

et al. 1993;Werner & Anholt 1993).

Domestication has proved that salmonid fishes are

physiologically capable of elevated growth rates that are not

observed in nature (Gross 1998; Devlin et al. 2001). The

absence of such elevated growth rates in nature (and the

fitness benefits associated with greater body size) would

suggest strong selection against such traits in nature. We

have shown here that there is strong selection against elev-

ated growth rates through predation, which is mediated by

risky foraging behaviour required to achieve rapid growth

when food is limiting. In other words, behaviourally medi-

ated trade-offs between growth and mortality rates explain

the positive correlation between growth and mortality rates

predicted by theory. It was surprising that the domestic

fish did not outgrow the wild in predator-free lakes.

However, it may have been impossible for the domestic fish

to realize their full growth potential while feeding

primarily upon plankton, as compared with feeding in the

hatchery. It was also interesting to observe that the

domestic fish, while less risk-averse than wild fish, did show

appropriate antipredator behaviour (reduced use of the

pelagic habitat) despite no experience with predators for

at least 25 generations within the hatchery system. We

speculate that the large variation in growth potential that is

commonly observed within fish populations is an adap-

tation that permits individuals with low appetite to survive

high predation regimes, and those with high appetite to

take advantage of situations when predator populations

decline. However, theory also predicts that trade-offs

between growth and mortality can lead to maintenance

of individual variation in growth rates that yield similar

lifetime fitness (Mangel & Stamps 2001).

Studies of the trade-off between growth and mortality

rates usually focus on variation among populations, not

within populations (Arendt 1997; Mangel & Stamps

2001). Here, we use two phenotypes of the same species

that differ genetically in their growth rates, which in turn

affects their behaviour and contrasts their relative perform-

ance within populations that differ in predation intensity.

Consequently, the mortality consequences of risk-taking

behaviour, and the associated elevated growth rates as a

function of predation risk observed here, provide rare and

highly realistic support for theories that predict such trade-

offs between growth and mortality (Werner & Gilliam

1984; Houston et al. 1993; Werner & Anholt 1993). In
Proc. R. Soc. Lond.B (2004)
addition, the direct manipulation of behaviour in this

experiment provides a direct link between risk-taking

behaviour and mortality, and the contribution of behaviour

to populations (Anholt 1997). This study adds to an

accumulating body of empirical evidence suggesting that

the behaviour of individuals while under risk of predation

may be a key determinant of population and community

dynamics (e.g. Turner & Mittelbach 1990; Huang & Sih

1991;Werner & Anholt 1996; Beckerman et al. 1997; Lima

1998; Peckarsky & McIntosh 1998; Schmitz 1998; Biro et

al. 2003a,b,c). Previous tests of the contribution of behav-

iour to populations usually involved indirect manipulations

of prey behaviour through variations in food and/or pred-

ator abundance (Anholt 1997). While this is a valid

approach, it also has problems. For instance, augmenting

food abundance for prey fish in small lakes by fertilization

can affect water clarity (reducing predator–prey encounter

rates) and also increase food for predators that share food

resources with prey fish (Biro et al. 2003a). These spin-off

effects can confound, at least in part, the lower predation

mortality observed at low food abundance and thus over-

estimate the contribution of risk-taking behaviour to mor-

tality (Biro et al. 2003a).

We have identified in our study the predation conditions

that affect survival of farmed salmonids that escape into

wild, and the behavioural mechanism that underlies it.

Combining a simple behavioural theory with knowledge of

the life-history attributes of this potential invader provided

an a priori basis from which to predict the likelihood of

initial invasion. Our data indicate that the probability of

initial invasion of wild populations by growth-enhanced

fishes will be greatest when predators are few or absent, but

low when predation risk is relatively higher. Hence, the

likelihood of invasion is dependent upon an interaction

between animal phenotype and the biotic environment. We

predict that, in situations where there are few or no

predators, significant numbers of domestic survivors

will survive, compete and hybridize with wild fish. Wild

stocks are likely to dwindle in this scenario (Muir

& Howard 1999), owing to the low fitness of hybrids

(Fleming et al. 2000; McGinnity et al. 2003). When pre-

dators are common, however, few domestic fish will survive

and then compete and mate with wild fish, their progeny

will also have high mortality, and invasion will be less likely.

Thus, the level of hybridization and natural selection

against them (predation environment) will determine the

degree to which domestic fishes will invade. Because many

commercially exploited fish species are also major pre-

dators (Christensen et al. 2003), a consequence of com-

mercial exploitation may be increased vulnerability of

ecosystems to invasion. Our study represents, to our

knowledge, the first field experiment to directly quantify

the likelihood of escapees surviving to potentially repro-

duce after release, and the conditions that affect their

survival. These results should also apply to the potential

risk of growth hormone transgenic salmon, which are cur-

rently being considered for net-cage aquaculture use, and

to bio-invasions in general where an invading species has

high intrinsic growth rates relative to native species. We

believe, as do others (Kareiva et al. 1996; Rissler et al.

2000), that a mechanistic understanding of the initial

stages of an invasion is critical to predicting whether exotic
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species or genetic strains establish themselves, but that this

understanding is currently lacking.
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