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Abstract Most animals will reduce foraging activity in

the presence of a predatory threat. However, little is known

about the onset of this decision-making ability during the

early life stages of fishes, and how the trade-off between

foraging and predator-avoidance may be affected by

changes in metabolic demand during ontogeny. To exam-

ine these issues, the foraging behaviour of larval shorthorn

sculpin Myoxocephalus scorpius was monitored during

visual exposure to a predatory threat (juvenile Atlantic cod,

Gadus morhua) throughout development at 3�C (March–

April, 2004). Larvae did not respond to predatory exposure

during the first week post-hatch, but thereafter showed

drastic reductions in foraging activity when exposed to

predators. During early development, the mass-specific

routine metabolism of shorthorn sculpin larvae displayed a

triphasic ontogeny and peaked during metamorphosis. This

high mass-specific metabolic demand could make reduced

foraging under predation threat very costly during this

stage of development. To further investigate this possibil-

ity, additional experiments were performed (March–April,

2005) where larvae were reared with visual exposure to

predators for 6 h day�1 during the feeding period. At 7-

week post-hatch, larvae exposed to predators were smaller

(wet mass and SL), showed decreased levels of whole-body

lipids and certain fatty acids, and experienced higher rates

of mortality as compared to control larvae. In environments

where abundant predators cause larval fish to reduce their

foraging rate, growth and survival of larvae may be neg-

atively affected.

Introduction

The performance of a behaviour or physiological function

by an animal requires the allocation of resources. However,

due to limited time and energy, the performance of one

activity often diminishes the capacity to perform others

(Stearns 1992). An example of such a behavioural trade-off

is that which occurs between foraging and predator

avoidance. Animals must feed to obtain energy, but for-

aging can make an individual prone to predation by:

(1) making them more conspicuous; and (2) reducing their

vigilance towards potential attacks. As a consequence, in

the presence of a predatory threat, most animals will reduce

their foraging activity in exchange for predator-avoidance

behaviours (e.g. hiding, freezing, fleeing; Lima and Dill

1990; Lima 1998). This behavioural choice makes an

animal less vulnerable to predation, but comes at the cost

of reduced energy acquisition.

In the wild, consumption by predators is a major source

of mortality during the early life stages of fish, and may

even be important in mediating year-class strength

(Folkvord and Hunter 1986; Bailey and Houde 1989).

Further, it is known that juvenile and adult fish can assess

the magnitude of a predatory threat and adjust their for-

aging behaviour accordingly (e.g. Helfman 1989; Godin

and Smith 1988), and that this behaviour is also exhibited

by larval fish (Williams and Brown 1991; Bishop and
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Brown 1992; Skajaa et al. 2003). However, little is known

about the development of this decision-making ability

during the early ontogeny of teleosts. Most larvae are

poorly developed at hatch, and may initially possess lim-

ited sensory capabilities that could reduce their ability to

detect predators. Moreover, even if they are able to per-

ceive a predator, the larvae of some fish species may not

need to alter their foraging behaviour if the risk of being

predated is low during early development (e.g. newly

hatched larvae may escape detection by being transparent

and thus difficult to detect). For these reasons, the inter-

actions between larvae and their predators may be

complex.

Due to the associated reduced energy intake, the deci-

sion to decrease foraging under predation threat should also

be influenced by the physiological state of an individual.

For example, hungry or food-deprived fishes tend to

occupy more dangerous habitats (Pettersson and Bronmark

1993), display higher foraging rates while in the presence

of a predatory threat (Godin and Crossman 1994), and will

resume foraging sooner after an attack (Gotceitas and

Godin 1991). In a similar manner, the foraging decisions of

larval fishes may be influenced by changes in metabolic

demand during early ontogeny. Larval fishes have a higher

mass-specific metabolic rate than juvenile or adult fishes

(Weiser 1995; Post and Lee 1996). Moreover, metabolic

scaling is not constant throughout ontogeny, and routine

metabolism within the larval stage is thought to scale either

isometrically (i.e. b = 1.0; in direct proportion to body

mass; Giguere et al. 1988; Post and Lee 1996; Wuenschel

et al. 2004; Killen et al. 2007) or with positive allometry

(i.e. b > 1.0; mass-specific metabolism increasing with

body mass; Almatar 1984; Killen et al. 2007). These

findings suggest that although the metabolic demand of

larvae may already be very high, this demand may increase

even further at certain points during early development.

This scenario presents an interesting foraging dilemma

for larval fishes. On one hand, the small size of larvae

makes them extremely prone to predation, and so they

should be cautious while in the presence of a threat.

However, their increased mass-specific metabolism, com-

bined with limited energy stores when exogenously feed-

ing, may make each instance of reduced foraging

especially costly. Work with other animals has shown that

the costs of reduced foraging may accumulate over time to

cause reduced growth in individuals that are frequently

exposed to predation threat (e.g. amphibians—Skelly 1992;

aquatic insect larvae—Ball and Baker 1996). Although fish

studies in this area are rare (especially during the early life

stages), Killen and Brown (2006) found that decreased

foraging rates under predation threat led to reductions in

growth and lipid storage in young ocean pout Macroz-

oarces americanus. Lipids are a primary metabolic fuel in

larval fishes, and deficiencies in lipids and certain fatty

acids may impair normal development and reduce the

capacity for important foraging and predator avoidance

behaviours (Adams 1999; Tocher 2003). However, ocean

pout do not posses a distinct larval phase (they are regarded

as being fully formed juveniles at hatch; Methven and

Brown 1991), and thus no information exists on the long-

term cost of reduced foraging under predation threat during

the larval stage of fishes.

In this study, we examined the foraging behaviour of

larval shorthorn sculpin Myoxocephalus scorpius from

hatch until settling, with and without the presence of a

predatory threat. Individuals of this species are small at

hatch (*7–9 mm total length; Scott and Scott 1988) but,

unlike the larvae of many other marine species, possess

significant pigmentation that may make them conspicuous

to predators. This species is thus well-suited for studying

the effects of predatory presence on foraging behaviour in

marine teleost larvae, because larval transparency can be

eliminated as a possible means of predator avoidance.

Specifically, there were three main goals in this study: (1)

to determine if larval shorthorn sculpin alter foraging

activity in the presence of a predator, and examine if this

tendency changes during early development; (2) relate the

observed patterns of behaviour to changes in routine met-

abolic demand throughout ontogeny; and (3) determine the

effects of frequent reduced foraging under predation threat

on growth, nutrition (in terms of lipid and fatty acid

acquisition), and mortality. It was hypothesized that for-

aging under predatory threat would decrease as larvae

developed (i.e. as they acquired the ability to visually

detect predators), and that this behaviour would be asso-

ciated with significant costs as the larvae approach

metamorphosis.

Materials and methods

Masses of shorthorn sculpin eggs (M. scorpius) were col-

lected by SCUBA divers and transported to the Ocean

Sciences Centre (OSC), Memorial University of New-

foundland. Once at the OSC, the eggs were placed in

aerated incubators supplied with flow-through seawater and

maintained at 3�C. Immediately following hatching, larvae

were carefully transferred to experimental tanks that were

also maintained at 3�C throughout the study (initial

stocking density *20 larvae l�1). Larvae used in each

experiment (Acute and Chronic Exposures—see below)

were a mixture of individuals from four separate egg

masses.

Larvae in all treatments were fed four times daily

(starting 1 day after hatching) by adding live Artemia sp.

nauplii to each tank (*1,500 l�1). Artemia sp. were

1250 Mar Biol (2007) 152:1249–1261

123



enriched using DC docosahexaenoic acid (DHA) Selco

(INVE, Baasrode, Belgium), Algamac 3050 (Aquafauna

Bio-Marine, Hawthorne, CA, USA), and freeze-dried krill

(Euphausia sp.) on a 3-day cycle. Feedings were performed

at 9:00, 13:00, 17:00 and 20:00 hours. Artemia sp. were

observed to be actively swimming in the water column at

all times of the day, and were mixed with the aid of a small

air stone placed into each tank. Any excess Artemia sp. or

fecal matter at the bottom of the tanks were removed by

siphoning at the end of each day. Mortalities were also

removed daily, and counted during the Chronic Exposure

(see description of experiments below). All experimental

tanks were exposed to a 16 h light: 8 h dark cycle.

Behavioural observations

Two separate sets of experiments were performed in which

the foraging behaviour of larval shorthorn sculpin was

observed in the presence of a predatory threat (details

summarized in S1). In the first experiments (March–April,

2004), the larvae were observed during an acute visual

exposure to a predator (‘Acute Exposure’). For these

experiments, four 68 l, flow-through, glass aquaria with

darkened sides were used, with each tank divided into two

separate chambers: a ‘predator’ chamber measuring 30

(L) · 30 (W) · 30 (H) cm3, and a ‘larval’ chamber mea-

suring 45 · 30 · 30 cm3. The chambers were separated by

two adjacent partitions, one being transparent and non-

removable, and the other removable and opaque. These

partitions allowed visual exposure of the larvae to the

predators, while preventing physical contact between the

predators and larvae. Two of the tanks were randomly

designated to contain larval shorthorn sculpin in the larval

chamber and two predatory juvenile Atlantic cod (Gadus

morhua) (TL 12.5 ± 0.8 cm) in the predator chamber

(which were fed a maintenance amount of commercially

prepared dry feed daily during the study). The other two

tanks were assigned to be the control treatment, and were

identical to the experimental treatment but contained no

predators (the ‘predator’ chamber was vacant). To analyse

larval behaviour in relation to proximity to the predators,

and to ensure that equal numbers of behavioural observa-

tions were made for all tank locations, the larval chamber

of each tank was further divided into three grid sections

using lines etched into the exterior dark paint on each tank

(Bishop and Brown 1992; Killen and Brown 2006). The

‘Near’, ‘Mid’ and ‘Far’ sections were 0–15, 15–30 and 30–

45 cm, respectively, away from the predator chamber.

For the Acute Exposure, behavioural observations were

performed three times a week, and began 2 days after larvae

were transferred to the experimental tanks. Following the

removal of the opaque partition, Artemia sp. were added to

the larval chamber of the tanks (the control tanks also had

the opaque partition removed during this time), and after a

2-min acclimation period, the focal animal technique (Alt-

mann 1974) was used to observe the behaviour of larvae.

Using this technique, the behaviours of one individual are

recorded over a specific length of time (1 min in the present

study). The foraging behaviour of the shorthorn sculpin

larvae included two easily observable modal action patterns

(MAPs; Barlow 1968). These were: (1) Orient, which was a

turning of the head or body towards an Artemia sp.; and (2)

Lunge, which was a rapid forward movement in an attempt

to capture an Artemia sp.. Behaviours were recorded and

tabulated using a hand-held Psion event recorder and

associated software (The Observer 3.0, Noldus Information

Technology Inc., Wageningen, The Netherlands). During

each period, behavioural observations were initiated for

three larvae in each grid section of the larval chamber (for a

total of nine observations per tank). After the behavioural

observations were completed for a given tank, the predatory

exposure was terminated by replacing the opaque partition.

In total, predator exposures during the Acute Exposure

lasted *12 min. Because larvae were free to swim

throughout the larval chamber, it was common for indi-

viduals to move between grid sections over the course of an

observation. In these cases, observations were divided into

time intervals representing the time spent in each section.

The frequencies of the observed behaviours were then

converted to counts min�1. Intervals were not included in

the final analysis if the focal larva spent <5 s in that section.

In the Chronic Exposure (March–April, 2005), the for-

aging behaviour of individual larvae was observed as

described above, however: (1) the larvae were then left

exposed to the predator for an additional 6 h during the

regular feeding period; (2) the 6 h predatory exposure was

performed daily, regardless of whether or not behavioural

observations were made on that day; (3) treatments (control

and predator) were conducted in triplicate tanks; (4)

behavioural observations were initiated 2 weeks after the

larvae were transferred to the experimental tanks (although

the daily predator exposures started 1 day after transfer);

and (5) in addition to recording the number of Orients and

Lunges performed by each focal larvae, the outcome of

each Lunge (Artemia sp. captured or not) was recorded.

The purpose of the Chronic Exposure was to examine

the long-term effects of frequent reduced foraging under

predation threat. However, the previously described

Acute Exposure measurements were also necessary so that

observations of foraging behaviour could be related

directly to changes in metabolic rate during ontogeny while

not having to account for the potential effects of habitua-

tion to the predator, or the effects that reduced feeding

could have on feeding motivation (both of which could

potentially occur during the Chronic Exposure).
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Larvae began to settle on the bottom of the tanks at *8-

week post-hatch. This behavioural shift was expected as part

of metamorphosis in this species, but because settlement is

accompanied by a change in the behavioural repertoire,

observations of foraging behaviour concluded at this time.

Growth

Each week (in both the Acute and Chronic Exposures),

eight larvae were randomly selected from each tank, an-

aesthetized using MS-222, and measured for SL. Mea-

surements were made using Matrox Inspector 3.0 image

analysis software (Matrox Imaging), on images captured

using a digital camera (Pixera PVC 100C). Following

image capture, larvae were quickly dried with a lint-free

paper towel, and then placed on dry, tared weigh-foils.

Their wet mass was then measured using a microbalance

(APX-60, Denver Instrument Co., Gottingen, Germany).

Oxygen consumption

Measurements of larval oxygen consumption were per-

formed using a glass Blazka-type respirometer (total

volume of respirometer and external circuit to oxygen

sensor = 57 ml), and a fibre-optic flow-through oxygen

sensor (as this type of sensor does not consume oxygen;

Presens, Regensburg, Germany; Killen et al. 2007). Pre-

liminary experiments using hypoxic seawater (30–40%

oxygen saturation) confirmed that this system did not gain

oxygen after being closed for 1.5 h of monitoring. To

maintain the temperature of the water in the respirometer

and oxygen concentrations in the water following transfer

of the larvae to the respirometer, a second external circuit

supplied aerated seawater from a reservoir in a water bath

set at 3�C. This circuit was closed when measurements of

oxygen consumption were made, and therefore to maintain

water temperature within the respirometer, the entire set-up

was located in a cold-room set at 3�C. To reduce back-

ground bacterial contamination, seawater was sterilized

with ultraviolet radiation and the system was cleansed daily

with absolute ethanol. In addition, blank measurements

were performed after each trial to quantify any bacterial

oxygen consumption. Significant levels of bacterial oxygen

consumption were rare, but when observed, this value was

subtracted from the experimental data.

Larvae used for measures of oxygen consumption

(March–May, 2004) were reared in two 68-l holding aquaria

(*20 larvae l�1) that were separate from the experimental

tanks described above. To prepare for each measurement

period (measurements of routine metabolism were per-

formed approximately every second day until larvae

reached around 120 mg wet mass), larvae were carefully

placed into the respirometer with a transfer pipette and were

allowed to acclimate for 4 h, a time shown in preliminary

experiments to allow for stabilization of oxygen consump-

tion. This transfer was done prior to the regular morning

feeding for the larvae, and so the individuals used for res-

pirometry did not have food in their guts. The number of

individuals used per trial depended on the size of the larvae,

but varied between 1 and 25 individuals (larvae ranged in

size from 5 to 120 mg over the course of the study, and the

number of the larvae in the respirometer was enough to

make up at least 70 mg of biomass per trial). After the

acclimation period, the external reservoir circuit was

closed, and measurements of routine oxygen consumption

were made over a 20-min period as the fish were allowed to

perform spontaneous activity (larval sculpin swam almost

constantly in the holding tanks and in respirometers).

During acclimation and the measurement period, the water

velocity in the respirometer was set to 1 cm s�1. Larvae

occasionally oriented against the current, but also swam

freely in various directions. Thus, we believe that most of

the routine swimming of the larvae was at speeds <1 cm

s�1. After each trial, we obtained the total wet mass of all

larvae in the respirometer using a microbalance. This value

was then divided by the number of individuals to give the

average wet mass of larvae used in the trial.

We examined changes in the routine metabolic rate of

shorthorn sculpin larvae by determining the metabolic

scaling exponents for three separately defined develop-

mental stages. Larvae were considered ‘pre-metamorphic’

between the time that they completely absorbed their yolk-

sac and when they first began to show signs of entry into

metamorphosis; as indicated by slight notochord flexion

and fusing of the pigment bands on the dorsal surface and

along the tail (larvae ranged from 2 to 5-week old and 6 to

12 mg wet mass). Larvae were considered ‘metamorphic’

once they began to show the morphology described above,

and until they had completed metamorphosis, as indicated

by the presence of full flexion, differentiation of the

median finfold, uniform pigmentation and a behavioural

shift towards settling on the bottom of their holding tanks

(larvae ranged from 5 to 8-week old and 12 to 30 mg wet

mass). Individuals were considered ‘post-metamorphic’

after this point (>8-week old, 30–120 mg wet mass).

Measurements were also performed on yolk-sac larvae, and

while these data are presented, they were not used in the

estimation of scaling exponents.

Lipid and fatty acid analysis

At the beginning and end of the Chronic Exposure, five

larval samples were taken from each tank (with each

sample consisting of five pooled individuals), quickly
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measured for wet mass using lipid-clean instruments, and

then placed into lipid-clean glass vials containing chloro-

form. The samples were then frozen at �80�C until lipid

and fatty acid analyses could be performed. Lipid extrac-

tion was performed using a variation of the Folch proce-

dure (Folch et al. 1957) as described by Parrish (1998).

Briefly, each sample was homogenized with 2:1 chloro-

form–methanol and washed with water to remove non-lipid

contaminants. The entire lower organic phase was then

collected and washed four times using 2:1 chloroform–

methanol.

Quantitative determination of lipid classes was per-

formed on these extracts using rod thin-layer chromatog-

raphy with flame ionization detection on a MARK V

Iatroscan (Iatron Laboratories, Tokyo, Japan; described by

Copeman et al. 2002). Fatty acids methyl esters (FAME)

were prepared by transesterfication with 10% BF3 in

methanol at 85�C for 1 h (Copeman et al. 2002), and

analysed using gas chromatography (model 6890 gas

chromatograph; Hewlett-Packard, Palo Alto, CA, USA; as

described by Alkanani et al. 2005). Based on whole-body

lipid concentrations, qualitative (proportional) measures of

fatty acid content were then used to calculate the concen-

trations of each identified fatty acid (mg g�1 wet mass).

Data and statistical analyses

All statistical analyses were performed using Minitab

Version 13.1. The level of significance for all tests was

a = 0.05. Data are presented as mean ± SE (except for

scaling exponents which are also given 95% confidence

limits).

We recognize the potentially confounding factor of tank

effects on our treatments (differences in behaviour may be

observed between tanks within a treatment due to subtle

variations in factors such as temperature, light levels or

water flow rates), and thus for behavioural observations, we

performed a test for tank effects by performing a two-way

ANCOVA (within each treatment) with the factors of tank

and age (with the latter used as a covariate). In all cases,

the effects of ‘tank’ and the tank · age interactions were

insignificant, and so the data were pooled within each

treatment for all subsequent analyses. Due to the high

number of observations performed for each tank during this

study, this method is a highly sensitive test for tank effects.

Similarly, there were no significant differences observed

for larval wet mass and SL between the experimental tanks

or between treatments in the Acute Exposure.

Differences in the frequency of Orients and Lunges

between the control and predator treatments were com-

pared within each tank section using a General Linear

Model with a normal error structure, and the suitability of

the model (in terms of normality, homogeneity and inde-

pendence of residuals; Sokal and Rohlf 1995) was verified

using residual-fit plots. The models were constructed with

least-squares regression using the means for each obser-

vational period (weighted by the inverse-variance for each

dataset). To allow for ease of comparison to the metabolic

data, larval body mass was used as a covariate for the

analysis of the behavioural data (instead of larval age),

with the mean expected body mass for each age obtained

from the growth equations shown in Fig. 5. The data could

not be fitted using a straight line, so a quadratic term was

introduced into the model (mass2). This resulted in the

model containing two interaction terms: predator · mass

(representing the slope of the model), and predator · mass2

(representing the curvature of the model). We then com-

bined the sequential sums of squares and degrees of free-

dom for the linear and curvilinear aspects of the data (both

interaction terms), and used this value to compute an F-

ratio for the overall effect of predatory exposure on the

behaviour of the larvae (Sokal and Rohlf 1995).

Rates of oxygen consumption (mg O2 h�1) were cal-

culated for each trial from the decrease in water oxygen

content per unit time data using linear regression. Measures

of oxygen consumption (absolute and mass-specific) were

plotted on log plots against wet mass, and power curves

were then fitted to the data to obtain estimates of scaling

exponents.

Daily mortality (% per day) in the Chronic Exposure

was estimated by calculating the mean mortality within

each treatment per day (mean for all three tanks per

treatment). These daily means were than used to calculate

the average daily mortalities during each week of the study,

which were compared between treatments using unpaired,

two-tailed t-tests. Differences in wet body mass and SL at

each week, and lipid and fatty acid content at the end of the

Chronic Exposure, were also examined using unpaired,

two-tailed t-tests.

Results

Behavioural observations

Larval sculpin did not show the ‘stop-start’ swimming or

‘saltatory’ search pattern that is displayed by some altricial

fish larvae (Temple et al. 2004), and instead swam almost

constantly, only occasionally stopping to perform an Orient

or to attempt to capture prey (Lunge). They began to orient

towards Artemia sp. at 1–2-day post-hatch, and while the

external yolk-sac of the larvae was greatly reduced by

1-week post-hatch, it was not completely absorbed until

2 weeks. The Atlantic cod displayed moderate levels of

activity within the predator chamber, often approaching the
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transparent partition and occasionally appearing to ‘attack’

shorthorn sculpin larvae swimming on the opposite side.

In both the Acute and Chronic Exposures, predatory

exposure decreased the frequency of both Orients and

Lunges by the larval sculpin (Figs. 1, 2). In both experi-

ments, the effect of the predator was most pronounced in

the ‘Near’ section. Here, the frequency of Orients and

Lunges were significantly different from the control when

the larvae were 6–8 mg wet mass (2–3-week post-hatch),

and the difference increased until the larvae reached 10–

15 mg wet mass. There was then a gradual and slight

increase in foraging activity after this minimum point (as

indicated by the concave shape of the quadratic models for

Orients and Lunges), although foraging activity was always

significantly less than the control. Both experiments also

showed a significant overall decrease in both Lunges and

Orients in the ‘Mid’ section (P for the ‘overall’ term was

<0.05; S2, S3). However, the foraging activity of the

predator-exposed larvae in this section did not begin to

differentiate from the control until 10–15 mg wet mass (or

around 5–6-week post-hatch). In the ‘Far’ section, there

was a difference between the Acute and Chronic

Exposures. In the Acute Exposure, there was no significant

difference between treatments in the ‘Far’ section. In

contrast, in the Chronic Exposure, there was a significant

decrease in Lunges among predator-exposed larvae, which

appeared to differentiate from the control at around 10–

15 mg wet mass (although there was no significant dif-

ference between treatments for Orients). One concern prior

to this study was that the fish in the predator treatments

would habituate to the presence of the predators (in both

the Acute and Chronic Exposures). However, we found no

evidence of habituation over the course of the experiments;

the response to predators in the ‘Near’ section persisted,

and indeed seemed to become stronger throughout the

study in the ‘Mid’ and ‘Far’ sections.

We also examined changes in the capture success of

larvae during development in the Chronic Exposure (the

proportion of Lunges that were successful at capturing

Artemia sp.). In this analysis, there was no significant

difference among tank sections during each observational

period, so the data from all sections were combined within

each treatment (Fig. 3). In both the predator and control

treatments, the per cent of Lunges that were successful was
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initially low (e.g. 50–60% at *7 mg wet mass). However,

success rate increased rapidly with development, and was

80–90% during the second set of observations (at *8–

9 mg wet mass). During the final four sets of observations,

control larvae had mean capture success rates of 92–99%,

while those of the predator-exposed larvae ranged from 85

to 88%.

Metabolic rate

A single regression throughout the entire larval period gave a

scaling exponent for routine metabolism (br) of 1.10 ± 0.01

(95% CL: 1.08, 1.13; Fig. 4a). However, separate regres-

sions for the pre-metamorphic and metamorphic develop-

mental stages gave estimates of br = 1.32 ± 0.06 (95% CL:

1.22, 1.42) and 0.98 ± 0.05 (95% CL: 0.89, 1.06), respec-

tively. Therefore, when expressed on a mass-specific basis,

routine metabolism increased with body mass during the pre-

metamorphic stage, and then reached a plateau during the

metamorphic phase (Fig. 4b). Post-metamorphic br = 0.76

± 0.08 (95% CL: 0.61, 0.91), and thus mass-specific
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metabolism decreased with increases in body mass during

this life stage.

Growth and mortality

In the Acute Exposure, there were no significant differ-

ences between treatments in either wet mass or SL, and so

the data for both parameters were pooled (Fig. 5). For the

Chronic Exposure, control larvae had wet masses that were

about 27% greater than larvae exposed to predators by the

end of week 7 of the study. The SL of the control larvae

was also significantly larger (5%) (Fig. 5).

Daily mortality in the Chronic Exposure was similar

between treatments during weeks 2–4, but was significantly

higher among the predator-exposed larvae thereafter

(Fig. 6). Overall, the cumulative mortality was 75.2 ±

0.04% for the control larvae, and 80.7 ± 0.04% for the

predator-exposed larvae.

Lipid classes and fatty acids

By the end of the study, predator-exposed larvae had

*21% less whole-body total lipid as compared to those in

the control treatment (Table 1). The most abundant lipid

classes found in our analysis were phospholipids, sterols,

and triacylglycerols. Larvae exposed to predators had about

28% less phospholipid at the end of the study as compared

to the control group (Table 1). However, there were no

significant differences between the treatments for either

sterols or triacylglycerols, although both showed a slight

decrease in concentration for the predator treatment

(Table 1). Larvae exposed to predators had significantly

lower levels of most identified fatty acids (Table 1).

However, there were no significant differences between

treatments for any of the essential fatty acids (arachidonic

acid [AA], eicosapentaenoic acid [EPA], and DHA),

although all three showed a general decrease in concen-

tration among the predator-exposed larvae.

Discussion

In the Acute Exposure, larvae in the ‘Near’ section first

showed reduced foraging activity 1–2-week post-hatch

(*5.5 mg wet mass; 10 mm SL). This is in agreement

with Bishop and Brown (1992) who observed that larval

three-spine sticklebacks Gasterosteus aculeatus began

responding to the presence of predators after about 1-week

post-hatch, but in contrast to larval Atlantic cod which first

reduce foraging behaviour in response to predation threat at

33-day post-hatch (Skajaa et al. 2003). This inter-specific

variation is probably due to differences in developmental

trajectory between species. Atlantic cod are considerably

smaller than shorthorn sculpin at hatch (Atlantic cod lar-

vae = 3–6 mm; shorthorn sculpin = 7–9 mm; Scott and

Scott 1988), and it is probable that cod larvae lack the

sensory capabilities required to detect predators until older.

Alternatively, Atlantic cod larvae may not need to respond

to predators during their first few weeks since they are

almost completely transparent and it may be difficult for

predators to detect them. However, larval shorthorn sculpin

are pigmented at hatch, and also an opaque yolk-sac, fea-

tures that would increase their visibility to predators. In

spite of their apparent conspicuousness, shorthorn sculpin
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larvae did not respond to predators during their first week

post-hatch, although it would presumably be advantageous

for them to do so. This would suggest that shorthorn

sculpin larvae have a limited ability to detect a predatory

threat immediately post-hatch.

The possibility that shorthorn sculpin have reduced

sensory capabilities post-hatch is supported by the obser-

vation that, in the ‘Mid’ section, predator-exposed larvae

displayed similar foraging activity as controls until

*15 mg wet mass (for both the Acute and Chronic

Exposures), but reduced activity thereafter. At this point in

ontogeny, the larvae may acquire the ability to detect

shapes and movements from a greater distance. The pre-

dators in our experiments were behind a transparent par-

tition, and it was assumed that larvae would be exposed

only to visual stimuli. At hatching, the larvae of most fish

species have pure-cone retinas, while it is believed that

both rods and cones are necessary for more advanced

detection of movement and contrast (Evans and Browman

2004). Rod cells generally begin to develop in the retina

during metamorphosis (Noakes and Godin 1988), and it

was during metamorphosis that larvae in the ‘Mid’ section

began responding to the predators. In the Acute Exposures,

larvae in the ‘Far’ section did not respond to predators at

any time, presumably because they lacked the visual acuity

to detect them at this distance. Interestingly, larvae exposed

to predators in the Chronic Exposure did show reduced

foraging while in the ‘Far’ section. Possible reasons for this

are discussed later, but are likely related to the long-term

effects of reduced feeding and nutrient acquisition on the

ability to detect and capture prey.

Although larval sculpin decreased foraging when a

predator was perceived, they did not exhibit any other

anti-predator behaviours such as freezing (Fuiman and

Magurran 1994) or C-type fast-start escape responses

(Eaton and DiDomenico 1986). Fleeing may not be

advantageous for larvae in open water, and subtle move-

ments may make larvae less conspicuous, especially if the

predators can move more rapidly than the larvae (Fuiman
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and Magurran 1994). Shorthorn sculpin larvae may only

perform burst-type fleeing behaviour in response to direct

attack or tactile stimulation (Bailey and Batty 1984).

The relationship between metabolic rate and body mass

is generally described by the allometric equation MO2 =

aMb, where MO2 is the metabolic rate of the organism

(measured as oxygen consumption per unit time), M is

body mass, a is a species-specific constant and b is the

scaling exponent that describes the slope of the relation-

ship. Studies examining the routine metabolism of larval

fishes have yielded substantial variation with regard to the

scaling exponent for routine metabolism (br). Giguere et al.

(1988) compiled data from 12 studies of 12 fish species,

and found that the while the mean value for br in larval fish

was *1.0, values varied between 0.65 and 1.69. Similarly,

Oikawa et al. (1991) presented estimates of br from 14

studies of 15 fish species that ranged between 0.42 and 1.09

during the early life stages of teleosts. Despite this varia-

tion, it is often assumed that routine metabolism scales

isometrically (b = 1.0) during the larval stage, and with

negative allometry (b < 1.0) during the juvenile and adult

life stages (Post and Lee 1996; Glazier 2005; Killen et al.

2007). Overall, our results support this assumption, with br

over the entire larval period being close to isometric at

1.10, and then becoming 0.76 after metamorphosis. How-

ever, we also separately estimated br both before and

during metamorphosis. This analysis revealed that before

entry into metamorphosis, the scaling of routine meta-

bolism showed a phase of strong positive allometry (br =

1.32), which is followed by a phase of isometric scaling

during metamorphosis (br = 0.97). Thus, when the phase of

negative allometry that begins after the completion of

metamorphosis is considered, shorthorn sculpin appear to

possess a triphasic metabolic ontogeny during the early life

stages. Most other studies use only a single regression

for the entire larval phase (e.g. Houde and Schekter 1983;

Finn et al. 2002; Peck et al. 2003). However, teleosts vary

greatly in the duration of metamorphosis—it is abrupt in

some and gradual in others (Kjorsvik et al. 2004). If larvae

commonly have multiple scaling phases before they

become negatively allometric during the juvenile stage, a

failure to differentiate between these phases may explain

some of the variation in previous estimates of br for larval

fish.

There are several possible explanations for the shift in

metabolic scaling between the larval and juvenile stages

which could explain the triphasic scaling in young short-

horn sculpin. These include increased growth and protein

turnover during the larval stage (Weiser 1991, 1995;

Glazier 2005), the differential development of metaboli-

cally active tissues and organs (Oikawa et al. 1991), and

increases in respiratory surface area as larvae switch from

cutaneous respiration to the use of gills (Kamler 1992; Post

and Lee 1996). In addition, changes in the amount of

energy consumed while swimming during ontogeny could

affect metabolic scaling, since locomotory activity is an

important component of routine metabolism (Weiser

1991). Wuenschel et al. (2004) observed that in larval

spotted sea trout Cynoscion nebulosus, the SL at which br

changed from isometric to negatively allometric coincided

with the development of notochord flexion, and that this

change was attributable to increased swimming efficiency.

In the present study, we used notochord flexion as an

indicator of metamorphosis, and partial flexion was first

observed at around 12 mg wet mass (5-week post-hatch).

This was accompanied by a gradual differentiation of the

median fold during metamorphosis, and development of fin

rays, which was almost complete by larval settlement.

Table 1 Lipid classes and fatty

acid profiles (mg g�1 wet mass;

mean ± SE, n = 15) for larval

shorthorn sculpin in the Chronic

Exposure

Only essential fatty acids (AA,

EPA, DHA), and fatty acids

present in concentrations >5%

of total identified fatty acids are

shown

* Significant differences

between treatments for final

concentrations (unpaired t-test,

P < 0.05)

Initial Final (control) Final (predator-exposed)

Lipid class

Triacylglycerol 5.35 ± 0.78 5.26 ± 0.47 4.38 ± 0.34

Sterol 3.37 ± 0.36 3.61 ± 0.41 2.87 ± 0.17

Phospholipid 13.89 ± 0.70 14.57 ± 0.83* 10.56 ± 0.93*

Total lipid 25.53 ± 2.03 23.75 ± 1.24* 18.82 ± 1.27*

Fatty acid

16:0 2.61 ± 0.19 1.78 ± 0.08* 1.50 ± 0.10*

18:0 0.55 ± 0.14 0.88 ± 0.04* 0.74 ± 0.05*

18:1x9 1.76 ± 0.14 2.28 ± 0.13* 1.90 ± 0.11*

18:1x7 0.89 ± 0.07 1.25 ± 0.07* 1.05 ± 0.06*

18:3x3 0.14 ± 0.01 1.69 ± 0.12* 1.30 ± 0.13*

20:4x6 (AA) 0.63 ± 0.05 0.61 ± 0.04 0.51 ± 0.03

20:5x3 (EPA) 2.69 ± 0.21 1.30 ± 0.12 1.15 ± 0.08

22:6x3 (DHA) 5.09 ± 0.39 2.16 ± 0.15 1.86 ± 0.13
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These changes may have increased swimming efficiency,

accounting for the switch from positive allometry to iso-

metric scaling at metamorphosis. Increased muscle thick-

ness as larvae metamorphose into juveniles may also

require branching networks of blood vessels for oxygen

delivery as opposed to a reliance on epithelial diffusion. A

change in the oxygen delivery system could alter the

scaling of metabolic rate from then on (West et al. 1997).

These hypotheses are only indirectly supported by evi-

dence, and future studies should measure both swimming

performance and muscle morphology of shorthorn sculpin

larvae approaching metamorphosis.

Whatever the cause of these scaling patterns, our data

suggest that larval metabolic intensity is higher than at any

other life stage. It was therefore surprising that larval

shorthorn sculpin displayed such a strong tendency to

reduce foraging activity in favour of predator avoidance

behaviour (in both the Acute and Chronic Exposures).

However, the fact that foraging reductions were less severe

in the ‘Mid’ section compared to the ‘Near’ section sug-

gests that larvae follow a risk-adjusting strategy (where

foraging is reduced in proportion to the perceived risk)

instead of an all-out risk avoidance strategy (Fraser and

Huntingford 1986). Further, the mass-specific metabolic

rate of the larvae peaked during metamorphosis (*12–

30 mg wet body mass), and the foraging rate in the ‘Near’

section increased slightly at this stage of development (as

indicated by the parabolic rise of the quadratic models for

the predator-exposed larvae in the Acute Exposure). This

could indicate that the larvae had an increased motivation

to forage at this time (although foraging activity was still

much lower than the control larvae at this point). Still, the

observation that shorthorn sculpin larvae reduce foraging

activity, even while their mass-specific metabolic demands

were extremely high, suggests that each instance of

reduced foraging could be especially costly for larval fish.

Indeed, the results of our Chronic Exposure suggest that

the costs of reduced foraging under predation threat can

accumulate over time to affect growth and survival. By the

end of the study, larvae not exposed to predators had a 27%

higher wet mass. Killen and Brown (2006) found that

young ocean pout frequently exposed to predation threat

also had decreased foraging rates and growth. Although

extremely high growth rates may be selected against (Biro

et al. 2004; Stoks et al. 2005), rapid growth is important for

larval fishes because size-dependent predation is a main

source of their mortality (Folkvord and Hunter 1986;

Bailey and Houde 1989). As young fish grow, their number

of potential predators decreases, while the diversity of prey

that the larvae can themselves feed upon increases (Fuiman

1994; Fuiman and Magurran 1994). Frequent or prolonged

interruptions to regular foraging could have serious con-

sequences for larval survival.

In the Chronic Exposure, predator-exposed larvae had

higher mortality rates in the final 3 weeks of the study, and

a greater cumulative mortality. The exact causes of this

mortality are unknown, but normal larval development can

be disrupted if nutrition is insufficient. For example, lipids

are the predominant metabolic fuel throughout larval

development for most marine fishes, and also play an

important functional role in many cells and tissues (Tocher

2003). Predator-exposed larvae had reduced concentrations

of whole-body lipid at 7 weeks, but there was no signifi-

cant difference from the control for triacylglycerol content.

This was unexpected since triacylglycerols are primarily

used for energy storage, but it is possible that larval

shorthorn sculpin use most of their ingested energy for

growth instead of storage. Moreover, the lipid analysis was

done at week 7, while mortality rates for the predator

treatment differentiated from the control most strongly

during weeks 5 and 6. Thus, the individuals with the lowest

energy reserves would likely have died prior to this sam-

pling, and the lipid analysis may only have examined the

predator-exposed larvae with the highest energy stores.

Predator-exposed larvae did have lower phospholipids

levels. Phospholipids are the primary component of cellular

membranes, and are of great importance for larval growth

and tissue differentiation (Tocher 2003). Furthermore,

many marine fish larvae catabolize phosphoglycerides (the

predominant phospholipids) as an energy source (Tocher

2003), and this may have contributed to the reduced

phospholipid concentrations in the predator-exposed

larvae.

Certain fatty acids also have important roles in marine

fish larvae. Saturated and monounsaturated fatty acids (e.g.

16:0, 18:1x9) are preferentially catabolized as a source of

energy, and in particular, 18:1x9 is thought to be a pre-

ferred fuel for swimming muscles (McKenzie et al. 1998).

All of these fatty acids were present in decreased concen-

trations in predator-exposed larvae, suggesting that the

reduced foraging activity of these larvae forced them to

metabolize these fatty acids. There are also several highly

unsaturated fatty acids (HUFAs)—AA (20:4x-6), EPA

(20:5x-3) and DHA (22:6x-3)—which are considered

‘essential’ in marine fishes, as they must be obtained from

the diet (Sargent et al. 1999; Bell et al. 2003). Although

there were no significant differences between treatments

for all essential HUFAs, levels were consistently higher in

the control treatment. Deficiencies of essential HUFAs

have been found to cause reductions in growth, survival

and resistance to stress in larval fishes (Bell et al. 2003).

For example, larval herring Clupea harengus receiving low

levels of dietary DHA have an impaired ability to capture

prey (Bell et al. 1995). A similar effect may have occurred

in the present study, with predator-exposed larvae of the

Chronic Exposure having a decreased prey capture success
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rate. Moreover, unlike larvae in the Acute Exposure,

predator-exposed larvae in the Chronic Exposure showed

decreased foraging activity even in the ‘Far’ section (after

10–15 mg wet mass). This foraging reduction in the ‘Far’

section was probably related to the long-term effects of

reduced nutritional intake on the ability to detect and

capture prey (as opposed to being a predator avoidance

strategy).

In summary, as shorthorn sculpin larvae approach and

undergo metamorphosis, they consistently reduce foraging

while exposed to a predatory threat. Considering their high

metabolic energy expenditure at this stage of development,

each foraging interruption is likely to be very costly.

Indeed, our study shows that these costs can accumulate to

affect larval growth and survival. Future studies should

examine how these effects carry over to larger spatial and

temporal scales.
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