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Abstract
Behavioral management of risk, in which organisms must balance the requirements of obtaining
food resources with the risk of predation, has been of considerable interest to ethologists for many
years. Although numerous experiments have shown that animals alter their foraging behavior
depending on the levels of perceived risk and demand for nutrients, few have considered the role
of genetic variation in the trade-off between these variables. We performed a study of four
zebrafish (Danio rerio (Hamilton, 1822)) strains to test for genetic variation in foraging behavior
and whether this variation affected their response to both aversive stimuli and nutrient restriction.
Zebrafish strains differed significantly in their latency to begin foraging from the surface of the
water under standard laboratory conditions. Fish fed sooner when nutrients were restricted,
although this was only significant in the absence of aversive stimuli. Aversive stimuli caused fish
to delay feeding in a strain-specific manner. Strains varied in food intake and specific growth rate,
and feeding latency was significantly correlated with food intake. Our results indicate significant
genetic variation in foraging behavior and the perception of risk in zebrafish, with a pattern of
strain variation consistent with behavioral adaptation to captivity.

Introduction
Behavioral management of risk, in which organisms must balance the requirements of
obtaining food resources with the risk of predation, has been of considerable interest to
ethologists for many years. Behavioral strategies to minimize predation risk include
modifications to foraging behavior such as restricting foraging location (Pettersson and
Bronmark 1993), latency to begin foraging (Morgan 1988; Angradi 1992; Cooper 2000),
and alterations of foraging rate (Morgan 1988; Engstrom-Ost and Lehtiniemi 2004).
Additionally, animals perform predator inspection (Walling et al. 2004), maintain group
cohesion (Sogard and Olla 1997), use cover (Cooper 2000; Vehanen 2003), and lower
activity levels (Horat and Semlitsch 1994; Vehanen 2003; Engstrom-Ost and Lehtiniemi
2004) to minimize risk of predation while foraging. Implementation of these behavioral
strategies reflects a balance between two factors: the level of perceived risk of predation and
the physiological demand for nutrients.

Elicitation of behavioral responses to elevated predation susceptibility is dependent on both
experience and genetic factors. An animal’s perception of risk can be influenced by its
susceptibility to predation based on body size (Roth and Johnson 2004; Urban 2007), as well
as previous interactions with predators. Prior experience with predators has been shown to
influence the perception of risk in a variety of taxa, including mammals (Owings et al.
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2001), fish (Kelley and Magurran 2003; Walling et al. 2004), and lizards (Labra and
Leonard 1999). Alternatively, O’Steen et al. (2002) showed that guppies (Poecilia reticulata
Peters, 1859) descended from populations that experience differing levels of predation risk
differed in survival rates under predation when reared and tested in laboratory experiments,
indicating genetic variation resulting from local adaptation to different predation regimes.

Physiological demand for nutrients is also influenced by both environmental and genetic
variations. Experience with food resources and temporal variation in food availability alters
foraging behavior and risk management (Godin and Crossman 1994; Anholt and Werner
1995; Aubret et al. 2007). Genetic variation in physiological parameters such as growth rate
(Abrahams and Sutterlin 1999) and feed conversion efficiency (Lister and Neff 2006) can
also influence the drive to feed. For example, Abrahams and Sutterlin (1999) demonstrated
that growth-enhanced transgenic Atlantic salmon (Salmo salar L., 1758) had increased
consumption rates relative to control fish. Similarly, brown trout (Salmo trutta L., 1758)
selected for increased body size (fork length) also showed higher feed intake relative to
control lines (Sanchez et al. 2001; Mambrini et al. 2006).

Although the experiments discussed above indicate that animals alter their foraging behavior
depending on the level of perceived risk and demand for nutrients, few studies have
considered the role of genetic variation in the trade-off between these variables. In this
study, we tested for the presence of population variation in behavioral management of risk
during foraging among strains of zebrafish, Danio rerio (Hamilton, 1822). The zebrafish has
historically been considered a model organism in developmental biology. However, there is
growing interest in its use as a model for behavioral research (Gerlai 2003; Guo 2004;
Robison and Rowland 2005; Sison et al. 2006). Recent work has demonstrated considerable
interstrain variation in zebrafish behavior, including activity-related behaviors, aggression,
and various measures of fear-like behavior such as place preference response to frightening
stimuli and boldness towards a novel object (Wright et al. 2003; Robison and Rowland
2005; Moretz et al. 2007b). In addition, several studies of zebrafish foraging behavior have
focused on resource defense (Grant and Kramer 1992; Hamilton and Dill 2002; Chapman
and Kramer 1996) or shoaling cohesion (Miller and Gerlai 2007), but few have tested for
variation among populations in foraging behavior (but see Moretz et al. 2007b). To our
knowledge, no studies have tested whether zebrafish populations differentially modify
foraging behavior in response to variation in risk and nutrient levels.

We therefore performed a study using four zebrafish strains to determine whether (i) strains
of zebrafish differ in their foraging behavior (as measured by latency to feed), (ii) zebrafish
alter foraging behavior in response to manipulations of nutrient availability and aversive
stimuli, (iii) changes in foraging behavior in response to these manipulations vary among
strains, and (iv) foraging behavior of individual strains is correlated with food intake and
growth rate.

Materials and methods
Study populations

We used four strains of zebrafish that have been used in other studies examining interstrain
behavioral variation in zebrafish (Robison and Rowland 2005; Moretz et al. 2007a, 2007b).
The Gaighatta (G) strain was originally collected from its native habitat in India and brought
to the University of Idaho zebrafish facility (Moscow, Idaho) in 2005. Fish from the
Gaighatta strain used in this study were first generation laboratory-reared individuals from
wild-born parents. The Nadia strain was originally collected from its native habitat in India
and brought to the University of Oregon zebrafish facility (Eugene, Oregon) in 1999 (details
available from http://zfin.org [accessed 9 September 2008]). Nadia fish used in this study
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were seven generations removed from wild-caught individuals. The Scientific Hatcheries
(SH) strain is a commercially available strain that originated from a pet store and has since
been maintained in a commercial system at high densities. According to its producer
(Scientific Hatcheries, Huntington, California), this strain experienced selection for fast
growth rate and high fecundity. It is difficult to precisely determine how long the SH strain
has been reared in captivity, but we estimate this to be between 30 and 50 generations. The
TM1 strain was established from pet store fish in 1986 and subsequently housed in the
laboratory at the University of Miami for more than 24 generations (Gibbs and Schmale
2000). The strain was then obtained by our laboratory in 2001, and has subsequently
undergone another 6 generations of laboratory breeding.

All animals were bred and housed in our recirculating zebrafish facility built by
Aquaneering Inc. (San Diego, California). Fish were fed twice daily with flake food and live
brine shrimp and maintained at 28.5 °C on a 14 h light : 10 h dark photoperiod. All animals
were cared for in accordance with guidelines of the University of Idaho Animal Care and
Use Committee.

Experimental design
Twenty-five adult (3 months old) fish from each strain (total n = 100 fish) were each
randomly assigned to an individual 1 L tank (25 cm × 5 cm × 15 cm; Aquaneering, San
Diego, California) in our zebrafish facility. All tanks were assigned a numeric identifier
allowing the observer to record data without knowledge of the strain of each fish. White
paper barriers were placed between tanks to eliminate the potential for individuals in
adjoining tanks to influence each other’s foraging behavior through visual cues. Fish were
allowed to acclimate for 4 days to the experimental tanks before data collection began and
were fed 8 ± 2 mg of flake food twice per day (0900 and 1300). This amount of food was
chosen because it was sufficient to satiate all fish in the experiment. The advantage of
performing behavioral assays on individuals is that it increases statistical power and avoids
the problem of tank effects. However, the zebrafish is a shoaling species. Although foraging
behavior in individuals may differ slightly from groups, it has been shown that zebrafish
shoal cohesion decreases while for aging (Miller and Gerlai 2007), indicating independent
individual behavior.

Behavioral assay
We chose to measure latency to begin feeding from the water surface as a proxy measure of
foraging behavior. Previous studies have utilized latency to begin feeding after a stimulus as
an indicator of food motivation in fish (reviewed by Lima and Dill 1990) and as a proxy for
antipredator behavior (Whitham and Mathis 2000; Yamamoto and Reinhardt 2003), as well
as stress recovery (Moretz et al. 2007b). Our delivery methods were consistent with the
normal feeding procedure used in the fish facility, where flake food is delivered by hand
through a 1.5 cm hole in the lid of the tank. The observer recorded by stopwatch the amount
of time between delivery of flake food (Tetramin flake food; 8 ± 2 mg per feeding event)
and commencement of the feeding behavior at the surface of the water. Timing of feeding
latency stopped at 180 s and any fish that had not obtained food from the surface by that
time was assigned a value of 180 s. Feeding latency data were collected once per day at
approximately 0900. It is important to note that the collection of data in real time by the
person responsible for feeding and performing the manipulations described below introduces
the possibility of observer bias in tests of stimulus effects. However, because the fish were
randomly assigned to tanks and marked only with a numeric identifier, this limitation does
not extend to tests of the effect of strain.
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We chose to measure feeding behavior that occurred at the water surface for two reasons.
First, we considered surface feeding to be more objective, as it can be difficult to accurately
and precisely determine when small fish consume minute food particles suspended in the
water column. Second, fish often perceive the surface of the water as riskier habitat; other
studies have linked the surface of the water with predation risk in zebrafish (Hamilton and
Dill 2002) and other fish species (Reinhardt 2001; Weber and Fausch 2003; Biro et al. 2004;
Huntingford 2004). Aversive stimuli such as movement of the tank lid (described below)
would likely be perceived as elevating risk and therefore potentially influence timing of
feeding at this location. It should be noted, however, that in rare instances food penetrated
into the water column before an individual began feeding from the surface. We recorded if
the fish under observation began feeding from within the water column, but waited until
feeding occurred at the surface to record the feeding latency score. This behavior occurred
too infrequently for statistical analysis.

Treatments
Below, we describe the six treatment combinations in which we manipulated levels of
nutrient availability and risk in a repeated-measures design. Each treatment combination
lasted for 4 days, during which behavioral data were collected once daily. Performing these
treatments in a repeated-measures design has the advantage of accounting for potential
variations in the stimulus across days. The treatment periods were performed in series,
starting with the control conditions for both nutrient intake and risk and ending with an
alarm cue, restricted diet combination (Table 1). Fish were given a recovery period of 4 days
in between each treatment during which feeding levels were returned to control levels and
no risk-cue manipulations were conducted to reduce any carry over effects on behavior.

Control conditions—We first collected feeding latency data under standard laboratory
conditions to establish a baseline of behavior. After the 4 day acclimation, we began
conducting the assays of feeding latency as described above. In addition to the food
provided during the surface feeding latency assay, fish were fed an equal amount of food in
the afternoon at the normal feeding time in the facility. As this treatment period did not
differ from our standard laboratory conditions, we termed this treatment the “control”
period. Collection of feeding latency data during this period allowed us to test whether there
was variation in feeding behavior among zebrafish strains under normal laboratory
conditions.

Alteration of nutrient availability—We established two nutrient availability levels in
our experiment. First, fish were maintained at a control level, where individuals were fed in
the afternoon in addition to the morning feeding that was used to determine feeding latency.
The second nutrient availability level (restricted) was a restriction to half-rations, during
which fish were not fed in the afternoon.

Alteration of risk cues—We established three levels of risk during the feeding latency
assay using potentially aversive stimuli. The control treatment was consistent with the
standard laboratory environment, as described above. The next risk level was a disturbance
at the surface of the water (“surface”). We raised the front of the tank lid to a height of 3 cm
and immediately dropped it back in place 2 s before providing food for the feeding latency
assay. This stimulus provided both a mechanical cue (the impact of the lid) and a visual cue
(change in light conditions) of a disturbance at the point of food delivery.

The other stimulus (“alarm”) was an injection of 0.07 mL of chemical alarm substance
(Schreckstoff) into the tank water 3 s before providing food for the feeding latency assay.
Previous studies have shown that contact with alarm substance from conspecifics solicits an
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unlearned alarm response in zebrafish (Suboski et al. 1990). Because it is not known if
populations differ in the production of alarm substance, we chose to create a zebrafish alarm
substance from two size-matched adult fish from each of the four strains, utilizing skin from
the entire fish (approximately 2 cm2 from each fish). Zebrafish skin was homogenized in
300 mL of deionized water and filtered through glass wool to make the alarm substance,
which was aliquoted and frozen at −20 °C until use. Preliminary experiments (data not
shown) confirmed that 0.07 mL of alarm substance was sufficient to elicit an immediate
(within 3 s) alarm reaction in zebrafish (characterized by rapid zig-zag swimming and (or)
freezing in place). Alarm substance was delivered into the tanks from a syringe via each
tank’s water delivery tubes. Efferent water containing the alarm substance was treated as
part of the facility’s recirculation system. Although the stability of alarm substance is
unknown, we assumed that a combination of large-scale dilution (7 mL per day of alarm
substance introduced into a system-wide volume of more than 12 000 L) combined with
physical (5 μm filters) and chemical (Fluidized sand bed) filtrations prevented any transient
behavioral effects.

An alternative design for this experiment would have been to use fish assigned only to a
single treatment group rather than our repeated-measures design in which each fish received
each treatment. However, logistical constraints such as tank space (>500 tanks would have
been required) made implementation of this alternative impossible. As there was potential
for experimental time, rather than treatments, to influence results in our design, we
performed an additional data collection period under control conditions between the surface
disturbance and the alarm substance treatments. During this time point, the fish were given
the standard 4 day recovery period, and behavioral data collection then began under control
conditions of risk and diet. This control condition period (control 2) allowed us to test our
assumption that the 4 day recovery period was sufficient to allow fish to return to baseline
levels of foraging behavior before the next manipulation, as well as whether any observed
changes in behavior from the surface disturbance to alarm substance treatments were related
to time (or a carry-over from the previous treatment) rather than alarm treatment.

Food intake and growth rate
Our next step was to determine whether interstrain variation in feeding latency behavior was
associated with food intake and growth rate, as variation in foraging behavior can result
from variation in food demand (Abrahams and Sutterlin 1999). Thirty days after the feeding
latency trials were complete, the fish were weighed and measured for standard length. Fish
were also visually sexed at this time using secondary sexual characters (Westerfield 1993).
Individuals from the same strain were then randomly combined into tanks of five fish each
(n = 5 tanks per strain). Fish were pooled because the very small mass of food consumed by
individual fish made it difficult to monitor food intake on a per fish basis. Fish were fed to
apparent satiety (food remaining at the water surface 5 min after delivery and no apparent
feeding activity; Halver and Hardy 2002) twice per day for 5 days to acclimate them to
group living and foraging. We assumed that the 35 days between the two experiments was
sufficient recovery time to limit potential behavioral carry-over from the alarm substance
treatments. At the end of the acclimation period, the food intake and growth rate trial was
begun, where each tank was fed to apparent satiety twice per day for the next 30 days. The
mass of food provided per tank from tank-specific vials was recorded each day. Although
there was unconsumed food remaining at the water’s surface included in the calculation of
food mass, this amount was negligible relative to the amount consumed and was consistent
across tanks. After 30 days, fish were again weighed and measured for standard length. Food
intake was quantified as a percentage of biomass, where the amount of food provided to
each tank per day was divided by the beginning biomass in the tank. We also estimated
specific growth rate (SGR), where the natural log of the change in each tank’s biomass was
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divided by the number of experimental days (i.e., 30). Unlike the feeding latency assays,
where the experimental unit was an individual fish, tank was used as the experimental unit
for growth and feed intake analyses.

Statistical analyses
Surface feeding latency data from all treatment periods were analyzed using repeated
measures mixed model ANOVA within the SAS version 9.1.3 (SAS Institute Inc. 2007)
Mixed procedure. The full mixed model included a fully crossed factorial design of strain,
nutrient level, aversive stimulus, and sex. As behavior was measured daily for 4 days within
each treatment combination, the day of each behavioral assay was included in the model as a
block effect nested within nutrient and risk levels and as a repeated measure with each fish
as the subject. Significant deviation from normality of model residuals was rectified by
rank-transforming the data; the model was too complex for standard nonparametric
techniques (Conover 1999). Significance of variation among strains and across treatments
was tested using the Tukey–Kramer’s test on least square means calculated from the full
model.

For the food intake and growth experiment, the GLM procedure within SAS was used to test
for interstrain variation in both food intake and SGR, with tank as the experimental unit. We
also tested for correlations between feeding latency, SGR, and food intake using Proc Corr
within SAS.

Results
Strain variation in feeding latency

Using the full mixed model, we detected significant variation in feeding latency among
strains (Table 2). We also detected a significant sex × strain interaction across all treatments
(Table 2), and present least square means of ranked feeding latency from the control (CC)
period for both males and females within each strain in Fig. 1. The general pattern during
these control conditions was for Nadia and Gaighatta to have higher feeding latencies (i.e.,
they took more time to commence feeding) than TM1 and SH, with females having a lower
feeding latency than males in all strains.

Treatment effects on feeding latency
Manipulations of nutrient availability and risk both affected foraging behavior, as indicated
by significant main effects for both variables (Table 2). The restricted diet tended to reduce
feeding latency and individual variation, while increased risk manipulations increased
feeding latency and individual variation (Fig. 2). However, we also observed a significant
interaction between diet and risk, primarily because restricting diets by half reduced feeding
latency only at control levels of risk. During both the surface disturbance and the alarm-cue
treatments, the restricted diet had no effect on foraging behavior.

When conditions were returned to control levels between the surface disturbance and the
alarm-cue treatments (CC2), feeding latency was not significantly different from that
observed in the initial control period (Fig. 3; F[1,90] = 2.94, p = 0.091).

There was a significant main effect of day in the model (Table 2); however, there was no
consistent trend for ranked feeding latency to increase or decrease with time. In addition, the
only treatment for which day was significant was the alarm cue – control diet combination
(F[4,371] = 11.80, p < 0.001). In this treatment, ranked feeding latency increased with day.
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Strain variation in treatment response
There was no significant interaction between nutrient intake level and strain on feeding
latency (Table 2), indicating that all strains responded similarly to the dietary manipulation.
There was, however, a significant interaction between risk level and strain. Least square
means using the risk × strain interaction term indicated that each strain responded to the
surface disturbance and alarm-cue manipulations by significantly increasing feeding latency
(p < 0.0001 for all strains). However, strains varied in the magnitude of their response to
each aversive stimulus so that the pattern of interstrain variation changed with each of the
three treatments (CC, SC, and AC in Fig. 2). At control risk levels, Nadia had the longest
feeding latency, SH the shortest, and Gaighatta and TM1 were intermediate. During the
surface disturbance, Nadia and Gaighatta were most similar to each other, while SH and
TM1 group together at a shorter latency to feed. The pattern of strain variation also changed
in the alarm-cue treatment, where the SH had the lowest latency to feed relative to the other
three strains. The SH were also notable for their marked increase in variation among
individuals in response to the aversive stimuli (Fig. 2).

Food intake and growth rate
There was a significant effect of strain on SGR (F[3,19] = 5.27, p = 0.0102) and food intake
(F[3,19] = 11.02, p = 0.0004; Fig. 4). Gaighatta and Nadia fish had lower SGR and food
intake per unit body mass than TM1 and SH fish. Mean feeding latency (calculated as the
mean value of ranked feeding latency of all individuals within the tank) was negatively
correlated with food intake (r = −0.60, p = 0.0055). Thus, fish that delayed surface feeding
in the control treatment of the feeding latency assays also consumed less food in the group
tanks. Food intake and SGR were also significantly correlated (r = 0.48, p = 0.032).

Discussion
Our study revealed significant interstrain variation in zebrafish surface feeding latency, and
this variation was dependent on conditions of nutrient availability and manipulations of
aversive stimuli. Feeding latency was reduced when nutrient availability was restricted, but
manipulations of perceived risk using aversive stimuli overrode nutrient restriction and
increased latency to feed. Although the response to dietary restriction was consistent across
strains, the degree of response to the aversive stimuli was strain-dependent. Food intake was
negatively correlated with latency to feed and there was significant strain variation in both
food intake and SGR. Collectively, these data indicate that zebrafish strains vary in the
management of the trade-off between the perceived risk and the physiological drive to
acquire nutrients.

There are several potential explanations for strain variation in the management of risk during
foraging. If we consider that the fish need to balance their demand for food against the risk
of predation, it may be that the four strains vary in their perception of risk, which would
allow some fish to begin foraging in situations that others considered to be too risky.
Interstrain variation in the response to the risk treatments suggests that this is a plausible
explanation, as the pattern of variation among strains in feeding behavior changed
depending on the risk treatment. For example, although Gaighatta showed the greatest
behavioral change in response to the surface disturbance treatments, both Gaighatta and
Nadia had significantly higher latencies to feed during these treatments than SH and TM1.
This may indicate that SH and TM1 perceived the surface disturbances as less risky than the
other two strains. Variation in the perception of risk has been shown in other species of fish.
Most notably, risk-related phenotypes in the guppy such as schooling behavior, predator
inspection behavior, response to overhead threats, habitat selection, foraging behavior, and
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sexual characters respond to variations in local predation pressure (reviewed in Magurran et
al. 1993).

Another potential explanation for interstrain variation in foraging behavior is that the strains
differ in their physiological demand for nutrients. As all of our fish experienced the same
physical conditions in their rearing environment since fertilization, the phenotypic variation
in our study likely has a significant genetic component. In fish, increases in growth hormone
levels (Abrahams and Sutterlin 1999) and selection for increased growth rates (Mambrini et
al. 2006) both increase food intake. Genetic variation in these growth-related traits also
influences feeding behavior; individuals with the highest growth rates require the most food
and therefore take the greatest risk to obtain it. For example, Abrahams and Sutterlin (1999)
demonstrated that transgenic Atlantic salmon with increased levels of growth hormone not
only exhibited increased growth, but also increased consumption rates and spent more time
feeding in the presence of predators than control fish. Alternatively, Lister and Neff (2006)
showed that food conversion efficiency could influence foraging behavior, with individuals
of lower efficiency taking greater risks while foraging; progeny of bluegill (Lepomis
macrochirus Rafinesque, 1819) from males with different reproductive tactics differed in the
amount of time spent foraging in risky habitat (Lister and Neff 2006) and in food conversion
efficiency (Neff 2004). In our study, the fish that consumed the most food (as estimated by
the amount of food provided) were also the fastest growing and were the quickest to begin
feeding even in the presence of aversive stimuli. However, it is important to note that
feeding behavior and growth rate were measured in different contexts (i.e., measurements on
individuals versus groups). Our results are similar to those observed by Abrahams and
Sutterlin (1999), in which the fish with the highest growth rates engaged in more risky
behavior.

Ultimately, the relative effects of perception of risk and demand for food on foraging
behavior are difficult to disentangle. We therefore suggest that the interstrain variation in
foraging behavior we observed may be a product of both an increased demand for food and
a reduced perception of disturbances at the water surface as “risky” in the SH and TM1
strains relative to Gaighatta and Nadia. However, there are several ways in which future
studies may disentangle the relative effects of risk perception and demand for food. In
particular, the rapid generation time of the zebrafish allows construction of segregating F2
populations for QTL (quantitative trait locus) analysis (for example see Wright et al. 2006).
Experiments of this sort could determine whether interstrain variation in food demand and
perception of risk are genetically correlated or segregating as independent traits.
Alternatively, more detailed experiments using serially increasing levels of risk (e.g.,
different concentrations of alarm substance) and food availability could reveal whether
populations varied in the critical level of risk beyond which feeding is completely inhibited.

The pattern of interstrain variation we observed indicates a difference between strains
recently derived from wild populations (Gaighatta and Nadia) and those maintained in the
laboratory for 30 or more generations (SH and TM1). There are two potential explanations
for this result. First, this variation may represent naturally occurring variation among
zebrafish strains. Previous work using wild zebrafish populations has demonstrated variation
in boldness towards novel objects, but not shoaling tendencies, indicating that at least some
behaviors are variable among populations recently collected in the wild (Wright et al. 2003).
Variation in foraging behavior among the zebrafish strains in our study may therefore reflect
phylogenetic relatedness or local adaptation of source populations to similar habitat features,
such as variation in predation risk (O’Steen et al. 2002).

Alternatively, the patterns of intraspecific variation in for-aging behavior observed in our
study may be a result of adaptation to captivity, which in fish can result in numerous
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phenotypic and genetic changes. These include changes in place preference, reductions in
antipredator behavior, increases in boldness and risk taking, and increases in food intake and
growth rate (reviewed by Huntingford 2004). Hatchery salmonids and trout emerge from
cover more quickly after a disturbance, take greater risks while foraging, and display longer
feeding latencies than wild fish (Johnsson and Abrahams 1991; Einum and Fleming 1997;
Abrahams and Sutterlin 1999; Yamamoto and Reinhardt 2003; Biro et al. 2004). Hatchery
rearing can also result in fish with higher growth rates than wild fish (Johnsson et al. 1996;
Reinhardt 2001; Mambrini et al. 2006), as well as increased food intake (Abrahams and
Sutterlin 1999; Sanchez et al. 2001; Yamamoto and Reinhardt 2003; Mambrini et al. 2006).
Similar to our study, Yamamoto and Reinhardt (2003) showed that hatchery-raised masu
salmon (Oncorhynchus masou (Brevoort, 1856)) fed more and were more willing to leave
cover and feed under chemically simulated predation risk than wild fish.

The pattern of strain variation in our study matches that described in other fish species
undergoing adaptation to captivity. The two strains most recently derived from wild
populations (Gaighatta and Nadia) had longer latencies to feed even during control
conditions, had a greater response to surface disturbances, consumed less food, and had
lower growth rates relative to the SH and TM1 fish that have been in the laboratory for more
than 30 generations. Like hatchery fish, laboratory zebrafish are not under selection pressure
from predators, nor are they constrained by limited or patchy resources. Rather, they are
subjected to artificial and indirect selection during strain propagation. The fish that mature
quickly and have the greatest fecundity are those most often selected to produce offspring.
This may impose selection on growth rates and reproductive traits, as well as related
behaviors such as food intake, feeding latency, boldness, and competitive abilities. In the
case of the SH strain, the supplier has explicitly stated that their fish have undergone
selection for increased growth rate. We therefore consider behavioral adaptation to captivity
to be the most likely explanation for the patterns of behavioral variation that we observed.

The only other study to show variation among zebrafish strains in foraging behavior also
examined latency to feed (Moretz et al. 2007a, 2007b). Similar to our study, these authors
observed that the Nadia strain had a higher latency to feed than the TM1 strain. However, in
their study the SH fish were not significantly different from Nadia. Although
methodological differences make direct comparisons of our results with these two studies
difficult, all three demonstrate that foraging behavior can vary among strains. Taken
together, these studies also indicate that zebrafish foraging behavior is influenced by both
genetic and environmental factors that may be specific to a given experiment.

Predictably, both restricting food availability and increasing levels of risk influenced
foraging behavior in our study, indicating that both factors are important in zebrafish
foraging decisions. However, we found that restricted diet only reduced feeding latency
when risk cues were at control levels. Similarly, Angradi (1992) found that simulated avian
predation increased feeding latency in rainbow trout (Oncorhynchus mykiss (Walbaum,
1792)), but restricting food had no significant effect. Our results are also similar to
experiments in bluntnose minnows (Pimephales notatus (Rafinesque, 1820)), which
increased latency to feed in the presence of predators, but decreased feeding latency with
food deprivation (Morgan 1988). Further experiments are required to determine whether
reductions in feeding latency during aversive stimuli can be overcome by a more severe
level of dietary restriction.

Although we observed significant effects of our manipulations on surface feeding latency,
the tests of treatment effects require careful consideration. During the study, the observer
remained blind relative to the strain identity of the fish, but by necessity was aware of the
manipulations of nutrient availability and aversive stimuli. This feature of the design
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introduces the possibility of observer bias in tests of treatment effects. Similarly, the order in
which the manipulations were performed was chosen to minimize the potential carry-over
effects of alarm substance on behavior. We assumed that a 4 day rest period between
manipulations was sufficient to reduce or eliminate carry-over effects of previous treatments
on subsequent behavior. This assumption is partially supported by the fact that the feeding
latency of all strains returned to control levels after the 4 day rest period midway through the
experiment (Fig. 3). Although we cannot rule out these potential sources of bias, they do not
affect our conclusions regarding significant differences among strains within treatments.

Our results support the prediction that foraging behavior changes in response to elevated
perceived risk; however, the behavioral response to this elevated risk can vary among
populations. Our study suggests that the observed intraspecific variation in foraging
behavior has a genetic basis and that future behavioral research in zebrafish should carefully
consider the possibility that behavioral responses to manipulations may be strain-specific.
This study also highlights the potential utility of the zebrafish in studies of the genetic basis
of variation in foraging behavior.
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Fig. 1.
Feeding latency for male (shaded bars) and female (open bars) zebrafish (Danio rerio) from
four strains during control conditions (CC). Bars represent least square means (±SE) of
rank-transformed data. Strains with different letters are significantly different (p < 0.05).
Higher values of ranked feeding latency indicate a longer time to commence feeding.
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Fig. 2.
Boxplots of feeding latency during nutrient and risk-cue manipulation in four zebrafish
(Danio rerio) strains (G, Gaighatta; N, Nadia; S, Scientific Hatcheries; T, TM1). Log-
transformed data are shown to facilitate comparisons of the alarm-cue treatments with other
treatments. Different letters along the x axis within each plot denote significant differences
(p < 0.05) among strains. Letters in the upper right-hand corner of each plot represent the
abbreviated treatment names from Table 1.

Oswald and Robison Page 14

Can J Zool. Author manuscript; available in PMC 2011 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Boxplots comparing feeding latency of zebrafish (Danio rerio) in the initial control period
(CC; shaded bars) with feeding latency during the second control period (CC2; open bars).
While there was a significant strain effect during each period, there was no significant effect
of time on feeding latency within strains.
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Fig. 4.
(a) Mean (±SE) food intake and (b) mean specific growth rate of four zebrafish (Danio
rerio) strains (G, Gaighatta; N, Nadia; S, Scientific Hatcheries; T, TM1). Letters indicate
significant differences (p < 0.05) among the strains.
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Table 1

Summary of nutrient availability and risk-cue combinations to assess variation in feeding latency among
zebrafish (Danio rerio) strains

Risk Nutrient Abbreviation

Control* Control† CC

Control* Restricted§ CR

Surface‡ Control† SC

Surface‡ Restricted§ SR

Control* Control† CC2

Alarm∥ Control† AC

Alarm∥ Restricted§ AR

*
No risk cues were provided.

†
Fish were fed twice daily.

‡
Fish were fed once per day.

§
Tank was raised and lowered prior to feeding.

∥
An injection of zebrafish alarm substance was injected into the tank prior to feeding.
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Table 2

Results of the repeated measures mixed model ANOVA using rank-transformed feeding latency in four strains
of zebrafish (Danio rerio)

Effect df F P

Day 4, 344 8.42 <0.0001

Nutrient 1, 91 8.28 0.005

Risk 2, 181 641.94 <0.0001

Sex 1, 91 54.55 <0.0001

Strain 3, 91 126.54 <0.0001

Nutrient × risk 2, 179 11.27 <0.0001

Nutrient × sex 1, 91 0.3 0.5824

Nutrient × strain 3, 91 0.92 0.4352

Risk × sex 2, 181 0.01 0.9892

Risk × strain 6, 181 8.7 <0.0001

Strain × sex 3, 91 4.96 0.0031

Nutrient × risk × sex 2, 179 0.58 0.5596

Nutrient × risk × strain 6, 179 1.6 0.1503

Nutrient × strain × sex 3, 91 0.34 0.7988

Risk × strain × sex 6, 181 2.07 0.0593

Nutrient × risk × strain × sex 6, 179 0.85 0.5299
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