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Pleuronectid flatfish are generally thought to utilize stereotypical anti-predator

behavior to reduce encounters with potential predators, including burial, maintaining a

low profile on the bottom, cryptic coloration, and reduced activity. However, a series

of laboratory experiments demonstrate significantly different predation rates on

juvenile (Age-0) English sole (Parophrys vetulus), northern rock sole (Lepidopsetta

polyrystra), and Pacific halibut (Hippoglossus stenolepis) by Age-2 Pacific halibut

predators, suggesting differing anti-predator strategies and/or capabilities.

Specifically, differences between the three species include their tendency to bury, their

body posture relative to the bottom, as well as their activity levels both in the presence

and absence of perceived predation risk. English sole, with the highest predation

rates, tend to bury less frequently, exhibit an arched body posture (with head elevated

off the bottom), and have generally higher activity levels in the presence of predators

when compared to the other two species. Because of these behavioral characteristics,

which render them more conspicuous, English sole are encountered more frequently
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by halibut predators than the other two species. Additionally, English sole are less

likely to escape from these predators once pursued. As an estuarine dependent species,

English sole are generally exposed to lower densities of predators in an environment

that tends to be highly turbid. As a result English sole, may have "relaxed" anti-

predator behaviors in comparison to northern rock sole and Pacific halibut which

recruit to less turbid, predator rich, coastal nurseries.
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GENERAL INTRODUCTION

While predation and competition among adults were once considered the

primary influences on local demography, a shift towards understanding processes

affecting early settlement and post-settlement stage juveniles has occurred. Such

mechanisms for juveniles include morphological, physiological, or behavioral

attributes that allow them to coexist in the same habitat with predators and reduce

predation rates to levels where populations can be maintained at a stable level.

Predation studies have often focused on the direct lethal effect of predation and its

associated effects on both population dynamics and community structure.

Increasingly, studies have looked at the indirect consequences that predator-prey

interactions have had on the basic ecology of juveniles. One such avenue of research

is exploring the behavior juveniles utilize as a mechanism to reduce predation, often

referred to as anti-predator strategies. While it is unlikely that individuals themselves

"choose" such anti-predator strategies, selective pressures will select those tactics and

strategies that maximize an individual's fitness (Krebs and Davies 1991; Drickamer et

al. 1996). For juveniles not of reproductive age, behaviors should evolve which

maximize their growth and survivorship. Anti-predator strategies utilized by juveniles

should therefore reflect the current predation threat.

At the end of the pelagic stage, juvenile flatfish settle and congregate in

specific demersal habitats referred to as nursery areas, including estuaries, protected

bays, shallow coastal areas, and intertidal zones (e.g. Tyler 1971; Gibson 1973;

Krygier and Pearcy 1986: van der Veer and Bergman 1986; Tanaka et al. 1989;

Gunderson et al. 1990; Norcross Ct al. 1995; Stoner et a! 2001). Within these different
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nursery areas, the species are most likely subject to different predatory regimes

including the type, abundance, as well as the spatial and temporal distribution of

predators. Additionally, habitat characteristics such as turbidity and emergent

structure may differ within the different nursery areas. Both the predatory regime and

availability of habitat characteristics, which may serve as a refuge from predation,

may influence the anti-predator strategies utilized by each of species. Anti-predator

strategies utilized by juvenile flatfish includes cryptically matching substrates, burial,

maintaining a low body profile against the substrate, and reducing activity in the

presence of a predation threat. However, species level differences in juvenile (Age-0)

pleuronectid flatfish anti-predator strategies have recently been observed; for example

rock sole rely on crypsis and tonic motion to avoid detection, while halibut are more

likely to flush and use flight to escape predation (Stoner and Ottmar 2003; Ryer et al.

2004).

I chose to study the anti-predator strategies of three juvenile (Age-0) North

Pacific flatfish species, English sole (Parophrys vetulus), Pacific halibut

(Hippoglossus stenolepis), and northern rock sole (Lepidopsetta polyxystra) to

quantitatively compare each species vulnerability to predation and the tactics each

species utilizes to avoid predators. English sole range from Sebastian Vizcaino Bay,

Baja California to Unimak Island, Alaska, however, the species' commercial

abundance ranges from Santa Barbara, California to Northern Hecate Straight, British

Columbia. Juveniles of this species disproportionately recruit to estuarine nursery

areas in comparison to open, coastal areas. Pacific halibut range throughout the North

Pacific from Hokkaido, Japan and the Sea of Okhotsk to the southern Chukchi Sea,



and south to Point Camalu, Baja California, Mexico. The distribution of the northern

rock sole overlaps with that of the southern rock sole (Lepidopsetta bilineata)

however, the majority of the Bering Sea and Aleutian Islands populations are northern

rock sole. Juveniles of both halibut and rock sole tend to recruit to coastal areas and

shallow bays.

Coastal and estuarine nursery areas may differ in the abundance of predators as

well as the availability of habitat attributes which offer refuge from predation,

affecting the selection of certain anti-predator tactics. As a result one might expect the

expression of anti-predator behavior to vary among individuals found in different

habitats. To examine this, I observed the behavior of halibut and rock sole collected in

shallow bay nursery areas off Kodiak Island, Alaska, and contrasted it to that of

English sole which are considered to be "estuarine dependent" as juveniles (Olson and

Pratt 1973; Pearcy and Meyers 1974; Gunderson et al. 1990). More specifically, I

designed a set of laboratory experiments to individually test each species' relative

vulnerability to predation using halibut predators, as described in Chapter Two of this

thesis. Subsequently, I used a set of laboratory experiments to demonstrate that the

three species utilize different tactics for dealing with predators and that these tactics

vary in both the absence and presence of a predation threat. This thesis presents

infonnation concerning the predator-prey interactions of each of the three species

which informs our knowledge of their life histories.

The future success of these species, from both an ecological and economic

standpoint, depends on our understanding of the various life history stages as well as

the complicated biotic, abiotic, and anthropogenic forces acting upon them. Processes
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which effect juvenile life stages, such as predation, competition, and resource

availability, are particularly important as they directly impact recruitment to fisheries.

Studying the behavioral ecology of juvenile flatfishes, and in this case anti-predator

behavior, will help us understand the behavioral strategies individual flatfish utilize to

maximize their survivorship and ensure their future reproductive success. This study

is of fundamental importance as variations in such behavior can influence both

population and community dynamics.
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CHAPTER TWO:

RELATIVE PREDATION VULNERABILITY OF THREE JUVENILE (AGE-O)
NORTH PACIFIC FLATFISH SPECIES: POSSIBLE INFLUENCE OF

NURSERY SPECIFIC PREDATION PRESSURES
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INTRODUCTION

Predation is the principal cause of mortality for young life stages of fishes

(Houde 1987, Bailey and Houde 1989, Houde 2002) and thus a strong selective force

for the development of anti-predator behaviors. Such behaviors mediate the

probability of encounters with predators and along with other post-encounter behavior

influence how vulnerable an individual is to predation. However, increased anti-

predator behavior can be costly, resulting in lowered energy intake, as vigilant

behaviors and foraging are often mutually exclusive (Lima 1998). For juvenile fish

with high metabolic demands, the cost of vigilance must be weighed against the

benefits of being able to foraging efficiently. Anti-predator behaviors should therefore

be adapted to reflect the level of predation risk as it varies over various temporal and

spatial scales (Lima and Dill 1990). In environments or conditions where a decreased

probability of detection by predators exists, prey species may reduce or abandon anti-

predator tactics.

Fish rely on a number of different types of cover as a refuge from predators;

such structured habitats including aquatic macrophytes, seagrass beds, rocky reefs,

sponges, corals, as well as turbidity. In turbid water for example, fish may increase

foraging activity (Gregory and Northcote 1993; Gregory 1994), increase the use of

high risk, open water habitats (Miner and Stein 1996), and reduce the use of refuges

i.e. structured habitats (Gradall and Swenson 1982; Gregory 1993: Snickars et al.

2004). It is possible that fishes are utilizing "turbidity as cover" to reduce the

probability of predation by visual predators (Gregory 1993). As turbidity increases,

the apparent contrast of an animal against a background is degraded, impairing



visibility over long distances. For visual predators, which tend to detect larger prey

over longer distances, turbid conditions may result in decreased foraging efficiency

(De Robertis et al. 2003). Conversely, turbidity has less of an effect on fish that forage

for prey over short distances (Boehiert and Morgan 1985; Dc Robertis et al. 2003),

allowing larval and juvenile fish to forage on non-motile or slow moving organisms in

turbid water. Such a disproportionate restriction upon piscivory in turbid waters is

most likely to occur in estuarine ecosystems rather than marine ecosystems. In such

areas, suspended sediments are concentrated due to run-off and can be resuspended

during tidal changes, causing high turbidity.

Juvenile flatfish use a number of anti-predator tactics to reduce their

probability of detection by invertebrate, vertebrate, and avian predators. Such anti-

predator behaviors include cryptically matching substrates, burial, maintaining a low

body profile against the substrate, and reducing activity in the presence of a predation

threat. Juvenile flatfish found in turbid environments, such as estuaries, might be

expected to relax or abandon such anti-predator behaviors. English sole (Parophrys

vetulus), an "estuarine dependent" species which disproportionately recruits to

estuaries in comparison to open coastal areas, may be an example of one such species

(Olson and Pratt 1973; Pearcy and Meyers 1974; Krygier and Pearcy 1986; Gunderson

et al. 1990). In contrast, juvenile flatfish that recruit to less turbid, open coastal areas

such as Pacific halibut (Hippoglossus stenolepis) and northern rock sole (Lepidopsetta

polyxystra), might be expected to have well-developed anti-predator strategies as

encounters with visual predators are more likely. Further, differences in the predatory
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regime (type, size, abundance, and distribution of predators) may influence the degree

to which anti-predator behavior is expressed.

Differences in capabilities or the expression of anti-predator behavior may

directly influence the mortality of juvenile flatfish. When juvenile halibut and rock

sole were independently subjected to predation by Age-2 halibut predators in a set of

laboratory experiments, halibut were consumed in significantly greater numbers than

rock sole. Rock sole relied on pre-encounter tactics like crypsis and motionlessness to

avoid detection, while Age-0 halibut were more likely to flush and use flight to escape

predation (Ryer et al. 2004). Although found in the same coastal nursery areas, the two

species demonstrated quite different anti-predator behaviors which clearly influenced

their relative vulnerability to predation. The goal of this study was to determine if

juvenile flatfish vulnerability to predation varies among the three species, English

sole, Pacific halibut, and northern rock sole. I hypothesized that English sole, an

estuarine dependent species, may have relaxed anti-predator strategies in comparison

to halibut and rock sole. As a result, I expected that English sole would be encountered

more frequently than both halibut and rock sole, resulting in higher predation rates.

Further, I hypothesized that in turbid water trials, predation rates on English sole

would be similar to those on halibut and rock sole, as encounters with predators

decrease.

METHODS

Fish collection and maintenance
Age-0 halibut and rock sole (<60 mm total length) were collected in Chiniak

Bay, Kodiak Island, Alaska (57° 40'N, 152° 30'W) using a small mesh beam trawl (2
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m wide beam, 3 mm mesh) in July and August, 2004. Age-2 halibut were collected as

Age-0 juveniles in the same location in 2002 and were grown up in the laboratory.

These fish were maintained at the Kodiak Fisheries Research Center for 2 to 3 days

before being air transported in insulated containers to the Fisheries Behavioral

Ecology Program's laboratory at the Hatfield Marine Science Center (HMSC) in

Newport, Oregon. Age-0 English sole (< 80 mm total length) were collected in

Yaquina Bay, Oregon using a small otter trawl (4 m long, 3 mm mesh) in May and

June, 2004. All Age-0 flatfish were maintained at the NMFS laboratory at the HMSC

in 2.3 m diameter tanks with a thin layer of light colored sand and 9°C (± 1°C) flow-

through seawater. As there may have been slight variations in sediment tonal

characteristics in different nursery areas, juvenile flatfish they were acclimated to light

sand for a period of at least 1 month before being used in predation trials. Age-0

flatfish were fed to satiation thrice weekly with commercially available fish food

pellets (Bio-Diet, 2 mm) supplemented with krill. Age-2 halibut predators were

maintained in large (4.4 m) pools with 9°C (± 1°C) flow-through seawater. Age-2

halibut were fed a diet of gel food and squid Loligo spp. Three weeks prior to the

initiation of the predation trials, Age-2 halibut diets were converted to live Age-0

English sole to reacquaint them with live prey. All fish were adapted to a diurnal

cycle of 12 hours of light (0700 to 1900) and 12 of darkness (1900 to 0700).

Predation trials:

Predation trials were conducted in 2.9 m diameter circular arenas with flow-

through 9°C (± 1°C) seawater at a depth of 45 cm. The entire bottom of each arena

was covered with a 2:1 mixture of coarse (1.0 mm) and medium (0.5 mm), light
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colored sand to a depth of 3 cm to allow juvenile flatfish to bury. Sand was siphoned

clean and raked smooth 24 h prior to the start of the trials. At least 12 h before the

start of a trial, water levels were decreased to a depth of 30 cm to facilitate filming

through turbid water. Water level was decreased to this depth regardless of the

treatment. For turbid trials, a kaolin clay solution (120 L) was mixed and allowed to

settle for one hour, at which point the supernatant was siphoned into the experimental

arenas creating the desired turbidity. This solution was allowed to circulate for 15 m

at which point water flow was diverted creating static conditions and ensuring a

constant turbidity throughout the duration of the trial. In clear water trials, clear

seawater (120 L) was siphoned into the experimental arenas as a sham.

For the duration of the trials for each species, 2 Age-2 halibut predators were

maintained in each of the experimental arenas. Total length for halibut predators

ranged from 360 to 380 mm ( 5 = 370, SE = 2.6). At least twenty-four hours prior to

the beginning of the trials, 30 prey were measured (total length) and deprived of food

for 48 h. Prey were released into the experimental arena in complete darkness and

allowed a 15 m acclimation period. At this point, lights were turned on and the trial

began. All trials were videotaped from overhead for the duration of the half hour trial.

Afterwards, prey fish were recovered by methodically raking the arena 3 times, each

time by a different person (to ensure complete recovery), and removing them by dip-

nets as they were encountered. Afterwards, prey were re-measured and returned to

holding tanks.

I conducted 6 replicate trials for each of the three prey species, English sole,

Pacific halibut, and northern rock sole, in both the clear water (0 NTU) and turbid
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water (4 NTU) treatments. This low turbidity level allowed me to quantify the

behavior of the predators and adjust the number of prey consumed by unit of effort.

An additional 6 replicate trials were conducted using English sole at a higher turbidity

(8 NTU). A shortage of Age-0 halibut and rock sole prevented 8 NTU trials with

these species. Total fish lengths ranged from 50 to 80 mm (Clear: = 69, SE 0.49,

Turbid: i = 68, SE = 0.31) for Age-0 English sole, from 50 to 80mm (Clear: = 66,

SE = 0.46, Turbid: 67, SE 0.43) for Age-0 halibut, and from 50 to 80 mm (Clear:

= 66, SE = 0.10, Turbid: = 65, SE = 0.10) for Age-0 rock sole. Total fish lengths

differed between the three species in both the clear trials (F [2, 15] 19.73, p < 0.001)

and turbid trials (F [2, 15] = 29.67, p < 0.001). In both cases, English sole were

significantly larger than the other two species (Tukey multiple comparisons, p <0.05),

which was likely not meaningful. No evidence of size selection was observed in my

experiments as there was no significant difference detected between the mean size of

the prey before the predation trials and the mean size of the prey after the predation

trials.

Predator activity was quantified to adjust the number of prey consumed per

unit of effort; in this case the total time the two predators spent foraging over the

duration of the trial. Activity was scored by time spent exhibiting one of the following

behaviors: buried or inactive (0), non-foraging swimming (1), and foraging (2).

Halibut predators exhibit distinctive foraging behavior with slow, short movements

along the bottom interspersed with short pauses (Ryer et al. 2004). Pauses of less than

30 seconds were not uncommon while predators were foraging, therefore predators

were scored as being inactive only if a pause was 30 seconds or longer in duration. If
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a predator buried however, they were scored as being inactive regardless of the

duration. The first fifteen encounters by the two predators collectively were

enumerated to determine the amount of time taken to encounter half the prey. These

encounters were also scored depending on whether (1) a stationary prey flushed when

approached by a predator, (2) a predator detected and stalked a stationary prey, (3) a

predator ambushed an actively moving prey, or (4) another predator joined in the

pursuit of a prey engaged by the other predator. For flush encounters, the distance

between the predator and prey at the initiation of the flush was measured. Further, the

distance the prey traveled after it flushed was measured. This distance was measured

from the point at which the prey initiated a flush to the first point of contact with the

sediment. This measure was used as the species exhibited different escape behavior.

English sole tended to make short hops along the bottom before stopping, rock sole

tend make one short flight before stopping and burying, while halibut often made a

couple hops before stopping and burying. We also recorded whether or not the

predator initiated a pursuit, as well as the outcome (i.e. escape or capture). Data were

analyzed using standard analysis of variance (ANOVA; Ramsey and Schaffer 1997)

when the assumptions of this test were violated an equivalent nonparametric test was

utilized (Kruskal-Wallis ANOVA). Effects were considered significant at the 0.05

level and when observed were analyzed using Tukey's HSD test for multiple

comparisons.

RESULTS

Over the course of the half hour experiment, there was a significant effect of

species, and a minor but significant effect of turbidity on the number of prey
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consumed (Table 1). More juvenile English sole were consumed than both juvenile

halibut and rock sole (Figure 1). On average, 53 percent of the English sole were

consumed in comparison to 17 percent of the rock sole and 13 percent of the halibut.

Contrary to expectations, in trials with turbidity (4 NUT), slightly more prey were

consumed than in trials with no turbidity (0 NTU; Figure 1). However, I conducted 6

replicate trials with English sole at a higher turbidity (8 NTU), where there was

suggestive evidence of a negative turbidity effect on the number of English sole

consumed over the three turbidity levels (F [2,17] = 3.34, p 0.0632; Figure 1).

I was only able to quantify predator behavior for trials conducted in either clear

(0 NTU) or low turbidity (4 NTU) treatments, as limited visibility precluded such

observations at the highest turbidity treatment (8 NW) conducted with English sole.

In non-turbid water, predators spent more time (minutes) foraging for the English sole

( = 43, SD = 9) in non-turbid water than either halibut ( = 18, SD 10) or rock sole

( 27, SD 11; F [2, 17] 9.52, p = 0.0021; Figure 2). In turbid water, predators

spent significantly more time foraging for rock sole (i = 51, SD = 11) than halibut (

= 34, SD = 15), while there was an intennediate effect observed for English sole (5 =

52, SD = 3) in comparison to rock sole and halibut (F [2, 17] = 6.58, p = 0.0089; Figure

2). When adjusted for predator effort, significantly more English sole were consumed

per minute spent foraging by the predators than either halibut or rock sole (F [2, 35]

13.15, p 0.0001), regardless of turbidity (F [2,35] 0.41, p 0.5247; Figure 3).

For trials conducted in clear water (0 NTU) where predator-prey interactions

could be monitored in detail, significantly more English sole were encountered per

minute spent foraging by the predators than rock sole, while encounters of halibut
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were not significantly different from those of the other two species (F [2, 17] = 3.80, p

0.0456; Tukey multiple comparisons p< 0.05; Figure 4). However, the distributions

of different encounters types (flush, stalk, ambush, and facilitation) significantly

differed between the three species ( = 21.59, p 0.0014). The majority of these

encounters were flush encounters for each of the species (on average 57 percent of the

encounters for English sole and 78 and 77 percent respectively for halibut and rock

sole, Figure 5). The majority of the difference in encounter type between the English

sole and both halibut and rock sole was made up in the number of stalk encounters

(29% of the total encounters of English sole in comparison to 8 and 17% of the

encounters with halibut and rock sole respectively), suggesting that English sole were

more conspicuous to the predators.

For flush encounters, the distance from the predator when the prey initiated its

flight was not significantly different among the three species (F [2, 17] = 2.64, p

0.1039). On average this distance was, 18 cm for rock sole, 19 cm for English sole,

and 23 cm for halibut. However, once a flush was initiated, halibut fled significantly

further than both English sole and rock sole (F [2, 17] = 11.86, p = 0.0008; Figure 6).

This distance was measured from the point at which the prey initiated a flush to the

first point of contact with the sediment. Once flushed, rock sole were most likely to

be pursued by the predators while halibut were least likely to be pursued. Pursuits of

English sole did not significantly differ from those of the other two species (F [2, 17]

3.68, p 0.0501). Predators struck at English sole (x = 29.5, SD = 6.5) significantly

more times over the course of the trial than both halibut (x = 14.5, SD = 5.7) and rock

sole (x = 9.3, SD = 4.0; F [2, 17] = 21.7, p < 0.0001).
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DISCUSSION

Three species of juvenile North Pacific flatfish, English sole, halibut, and rock

sole, clearly have different vulnerabilities to predation which reflect species level

variation in anti-predator strategies and capabilities. English sole were more

vulnerable to predation than halibut and rock sole, whether quantified by the number

of prey consumed or consumption per unit of effort. The predators remained engaged

by the English sole throughout the course of the trials as they were almost constantly

encountering prey. In halibut and rock sole trials, longer amounts of time passed

between encounters, so predators often quit foraging before the end of the trial, either

burying or engaging in non-foraging swimming around the tank.

The elevated vulnerability of English sole to predation results from

significantly more encounters in comparison to the other two species. In clear water,

where I could quantify encounters between predators and prey, juvenile English sole

were encountered significantly more than the other two species with a higher

percentage of these encounters occurring as stalks. This type of encounter occurred

when a stationary prey that was visible on the surface was detected and pursued by a

predator. The higher percentage of such encounters indicates that English sole are

more conspicuous to the predators in comparison to the other two species. English

sole may be less likely to employ stereotypical flatfish anti-predator behaviors or they

may have a reduced ability to display such behaviors (Chapter Three, this thesis).

Such behaviors include burial, body posture relative to the bottom, cryptically

matching the substrate, and a reduction in activity level when confronted with

predation risk. To a human observer, English sole were clearly visible, laying
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motionless on the substrate as well as actively moving around the tank during the

course of the trials. This type of behavior was rarely observed in trials with halibut and

rock sole, as these prey were generally only visible when flushed by the predators.

Recent laboratory experiments with these three species demonstrate that English sole

are indeed less likely to be buried, with a raised body posture with head elevated off

the bottom, and more active in the presence of a predator in comparison to the other

two species (Chapter Three, this thesis).

The more conspicuous English sole were also more likely to be attacked by the

predators, reflected by the number of strikes made on the prey. These results are

similar to those of another study where on average 79% of the attacks on juvenile

winter flounder by Age-i summer flounder occurred when the prey were visible on the

surface, while on average 33% occurred after the prey had been actively moving along

the bottom (Manderson et al. 2000). The arenas in which my experimental trials were

conducted likely aided the success of the predators as the majority of the strikes

occurred along the perimeter of the arenas along the walls of the tanks. For visual

predators, like the halibut predators used in our trials, success may be aided when prey

are not cryptically matched to the substrate. All three species ofjuvenile flatfish were

quite conspicuous against the white walls of the tank in comparison to the sand

substrate. Further the walls limited prey-escape behavior and may artificially inflate

mortality for species that rely more heavily on post-encounter processes such as flight

for survival. This effect may be particularly important for halibut with narrow bodies

and long, narrow caudal peduncles which allow for faster swimming speeds (Stoner

and Ottmar 2003, Ryer et al. 2004). English sole, with body morphology similar to
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that of halibut, may also rely on flight to some extent to avoid predators. However, it

is unlikely that the arenas caused any artifacts that would affect the relative encounter

rate of these species.

The distances between predator and prey when the prey decided to flee, known

as flight initiation distance, was not significantly different between the three species.

It may be more beneficial for juvenile flatfish to rely on burial and crypsis rather than

flushing immediately once the predator is detected. Such behavior would likely alert

the predator to the presence of the prey. Based on an economic model, flight initiation

distance should increase with increased risk of predation and decrease with an increase

in the cost of flight (Ydenberg and Dill 1986). Another recent model, which predicts

optimal strategies for cryptic prey against pursuit predators, predicts that prey should

either flee immediately upon seeing the predator or wait to flush until the predator has

initiated an attack (Broom and Ruxton 2005). Also, it is likely that this decision may

also be based on the prey's relative likelihood of escape. In our study it was difficult

to determine when the prey first became aware of the predator, thus making it difficult

to determine if the prey were fleeing immediately or waiting until an attack was made.

Once flushed however, halibut, which tend to rely on flight to escape predators,

moved significantly further away from the predator than either English sole or rock

sole. Once flushed, halibut and rock sole initiated flight, settled, and tended to bury

immediately. Both species had to be physically extracted, i.e. raked, from the sand at

the termination of the trials.

Juvenile English sole may have relaxed anti-predator behavior due to the turbid

nature of the estuarine nursery areas to which they preferentially recruit. Such areas
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offer reduced risk of predation by visual predators as foraging efficiency is decreased;

they also offer accelerated growth as a result of warmer temperatures and increased

food resources. Field studies have demonstrated that both juvenile stages of fish profit

from reduced risk to piscivores (Ritchie 1972, Blaber and Blaber 1980, Gradall and

Swenson 1982, Guthrie 1986). For example, Walsh et al. (1999) found that regardless

of season, the highest densities of small flatfish were found in the upper estuarine

areas of the Newport River and Back Sound, North Carolina associated with the

highest turbidities. Similarly, Power et al. (2000) found a positive relationship

between suspended solid concentrations and species abundances for juvenile flounder

and dab in the Thames River estuary. Our trials in non-turbid water may differentially

effect English sole and increase mortality as they have adapted their anti-predator

behaviors to reflect the reduced risk of predation offered by turbidity in their natural

environment. Although mortality increased at very low turbidity levels (4 NTU) for

all three species our trials in an elevated level of turbidity (18 NTU) showed a

reduction in the mortality of English sole. While these experiments were not

conducted with halibut and rock sole due to a lack of sufficient fish, we suspect that

these two species would similarly have decreased mortality in elevated turbidity

levels, although such conditions are less frequently encountered by these species.

The turbid nature of estuaries clearly affects the mechanisms of predator-prey

interactions, and can have an effect on both the pre-encounter and post-encounter

processes. Aspects of prey encounters with visual predators include visual range of

the predator, the visual field angle, the speed at which the predator is traveling, as well

as the density of the prey. Water clarity, the size and apparent contrast of the prey,
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and surface light all affect the visual range of the predator (Aksnes and Giske 1993).

Suspended particles in the water column (i.e. turbidity) decrease the light intensity and

light scattering reducing contrast and the clarity of the prey image (Hinshaw 1985;

Giske et al. 1994). The visual range of the predator therefore decreases with

increasing turbidity, thus decreasing the encounter rate with prey. Further, when prey

are encountered, they have to travel a shorter distance to move out of the visual range

of the predator in comparison to clear water. In this case post-encounter processes

such as flight are affected.

In addition to turbidity, estuarine nursery habitats often provide structured

areas such as eelgrass beds or areas of other emergent benthic structure such as algae,

bivalve shells, and rocks that may serve as a structural refuge for juvenile flatfish.

Recent studies have demonstrated that the availability of emergent benthic structure as

a refuge, in this case sponge, may greatly reduce juvenile flatfish vulnerability to

predation. Juveniles of certain species such as halibut show a strong preference for

such structured habitats (Ryer et al. 2004). In laboratory experiments, juvenile

English sole also demonstrate a strong preference for structured habitats in comparison

to bare sand (Soto, unpublished data). Further, within estuaries juvenile English sole

inhabit shallow intertidal areas, with higher densities occurring in lower side channel

habitats (Rooper et al. 2003). These areas may offer a refuge from predators inhabiting

deeper main channel habitats. Similarly, after settlement plaice inhabit water less than

a meter deep, an area with low densities of shrimp and other predators, where they

remain until they have reached a refuge in size (Gibson et al. 2002).
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In conclusion, I have demonstrated that Age-O English sole have an increased

vulnerability to predation by halibut predators in comparison to Age-O halibut and

rock sole, due to an increased likelihood they will be encountered by predators. In

addition, English sole were stalked more frequently by the predators in comparison to

both halibut and rock sole, indicating that they were more conspicuous to the

predators. Juvenile English sole rely less on stereotypic anti-predator behaviors as

they are less cryptic, less likely to be buried, exhibit a raised body profile off the

bottom, and have an increased level of activity in the presence of predators when

compared to the other two species. Such relaxed anti-predator behavior may have

evolved or been developed due to the dependence of English sole on estuaries where

they rely upon turbidity as cover from predators. In order to validate this hypothesis,

the anti-predator behavior of a number species inhabiting estuarine areas should be

compared to that of those inhabiting coastal, marine habitats, where turbidity is less

common.
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Table 1: Results of an analysis of variance (ANOVA) on the mean number of Age-0
juvenile flatfish prey consumed by Age-2 halibut predators for three prey species
(English sole, halibut, and rock sole) and two turbidity treatments (0 NTU and 4
NTU).

Source df SS MS F P
Species 2 1221.06 610.53 76.85 0.0000
Turbidity 1 36.00 36.00 4.53 0.0416
Species*Turbidity 2 17.17 8.58 1.08 0.3523
Residual 30 238.33 7.94

Total 35 1512.56
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Figure 1: Mean number of Age-0 English sole, halibut, or rock sole (± SE) consumed
by Age-2 halibut predators over the course of a half hour trial in 2.9 m arenas
conducted with three turbidity treatments (0, 4 and 8 NTU).
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Figure 2: Mean number of minutes Age-2 halibut predators spent foraging (± SE) for
Age-O English sole, halibut, or rock sole prey over the course of a half- hour trial in
2.9 m arenas conducted with two turbidity treatments (0 and 4 NTU).
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Figure 3: Mean number of Age-O English sole, halibut, or rock sole (± SE) consumed
per unit of effort by Age-2 halibut predators over the course of a half hour trial in 2.9
m arenas conducted with two turbidity treatments (0 and 4 NTU).
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Figure 4: Mean number of prey encounters per minute Age-2 halibut predators spent
foraging (± SE) for Age-0 English sole, halibut, or rock sole prey over the course of a
half- hour trial in 2.9 m arenas conducted in clear water (0 NTU).
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Figure 5: Percentage of encounters of Age-O English sole, halibut or rock sole (± SE)
by Age-2 halibut predators during the course of a half hour trial in 2.9 m arenas.
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Figure 6: Mean distance traveled by Age-O English sole, halibut or rock sole (± SE)
once flushed by Age-2 halibut predators during the course of a half hour trial in 2.9 m
arenas.
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CHAPTER THREE:

DIFFERING ANTI-PREDATOR BEHAVIOR OF THREE JUVNEILE (AGE-O)
FLATFISH SPECIES: POSSIBLE INFLUENCE OF NURSERY SPECIFIC

PREDATION PRESSURES
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INTRODUCTION

Predation is a significant cause of mortality at early life stages of fishes (Houde

1987, Bailey and Houde 1989, Houde 2002). As such, predation on juvenile stages of

fishes, and in this case, juvenile flatfish (Pleuronectiformes), has received a great deal

of attention in the literature (reviewed in Bailey 1994; Van der Veer et al. 1997). The

majority of the experimental studies of predation on juvenile flatfish focus on

quantitatively describing predator-prey interactions by counting the number or

proportion of prey consumed while, if at all, only qualitatively describing the specific

behavioral tactics employed by the juvenile flatfish to avoid detection and facilitate

escape. Studies quantitatively describing anti-predator behavior during predation risk

are limited to a handful of species (plaice, Pleuronectes platessa: Burrows et al. 1994;

Burrows and Gibson 1995; sole, Solea solea: Ellis et al. 1997; Pacific halibut,

Hippoglossus stenolepis, and northern rock sole, Lepidopsetta polyxystra: Ryer et al.

2004), and generally focus on describing a single species behavior.

Juvenile flatfish are generally regarded as having a stereotypical set of anti-

predator behavior that varies little between species. This arsenal of behavioral tactics

includes crypsis, burial, maintaining a low body profile against the bottom, reduced

activity, and finally flight. However, species level differences in juvenile (Age-0)

pleuronectid flatfish anti-predator strategies have recently been observed. For

example, juvenile northern rock sole (hereafter referred to as rock sole) are generally

more cryptic and appear to depend more on burial as an anti-predator strategy in

comparison to juvenile Pacific halibut (hereafter referred to as halibut; Stoner and

Ottmar 2003). More importantly, such differences in behavior may directly affect the
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variance in mortality among species. When juvenile halibut and rock sole were

independently subjected to predation by Age-2 halibut predators in a set of laboratory

experiments, halibut were consumed in significantly greater numbers than rock sole

(Ryer et al. 2004). Rock sole relied on pre-encounter tactics like crypsis and

motionlessness to avoid detection, while Age-0 halibut were more likely to use flight

to escape predation once disturbed or flushed by a predator.. Another series of

laboratory experiments demonstrated significantly higher predation rates on juvenile

English sole in comparison to juvenile halibut and rock sole by Age-2 halibut

predators, once again suggesting differing anti-predator strategies and/or capabilities

(Chapter Two, this thesis).

While significant species level differences were observed in fine-scale

measures of predator-prey interactions such as encounter rate, encounter type, the

percentage of encounters resulting in pursuits, and the distance a prey fled (Ryer et al.

2004; Chapter Two, this thesis), specific pre-encounter behaviors that reduce detection

by predators, such as burial, body posture relative to the bottom, and relative activity

level were not quantified. Such behavior, which determines how conspicuous a

juvenile flaffish is to potential predators, likely plays a significant role in predator-prey

interactions. Such tactics often preclude other behavior such as foraging (Lima 1998).

Thus, a trade-off between foraging and predation risk occurs. Juvenile flatfish must

therefore adjust their behavior to reflect the level of predation risk. Certain habitats,

across various types of nursery areas can be "riskier" than others. For example, in

estuaries, juvenile fishes may profit from the cover offered by the turbid water.

Turbidity can reduce the probability of encountering predators. Additionally, while
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little empirical evidence exists, it is supposed that such areas have a lower density of

predators in comparison to open coastal areas (Rosenberg 1982). For example,

predation mortality of plaice in an estuarine nursery area in the Wadden Sea was low

(Kupiers 1977) in comparison to a coastal nursery area (Steele and Edwards 1970).

Juvenile English sole, an "estuarine dependent" species inhabits such areas, and

possibly benefit from the reduced predation risk found here. In contrast, juvenile

halibut and rock sole inhabit shallow bay nursery areas and other coastal waters that

tend to be less turbid.

To test if differences in the expression of anti-predator behavior differ across

species, I observed burial, posture, and activity level of three species, English sole,

halibut, and rock sole in both the absence and the presence of a predation threat. I

predicted that an increase in the risk of predation would cause individuals to bury,

maintain a low, flat body profile against the sediment surface, and decrease their

activity. Importantly, the design of this study allowed me to test within species

variation in behavior, as well as across species variation in behavior- an approach that

has yet to be used in the study of juvenile flatfish predator-prey interactions. Doing

so, I was able to test whether the greater vulnerability of English sole to predation was

due to a relaxation of anti-predator behavior. English sole, an estuarine dependent

species, may experience less predation pressure by visual predators due to the turbid

nature of estuaries in comparison to the shallow bay nursery areas of halibut and rock

sole. As such I hypothesized that English sole would have less developed anti-

predator strategies in comparison to the other two species.
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Fish collection and maintenance

37

Age-0 halibut and rock sole (<60 mm total length) were collected in Chiniak

Bay, Kodiak Island, Alaska (57° 40'N, 152° 30'W) using a small mesh beam trawl (2

m wide beam, 3 mm mesh) in July and August, 2004. These fish were maintained at

the Kodiak Fisheries Research Center for 2 to 3 days before being air transported in

insulated containers to the NMFS laboratory at the Hatfield Marine Science Center

(HMSC) in Newport, Oregon. Age-0 English sole ( 80 mm total length) were

collected in Yaquina Bay, Oregon using a small otter trawl in May and June, 2004.

Age-i sablefish were collected as Age-0 juveniles offshore of Newport, Oregon using

neuston nets in April - May 2003.

All Age-0 flatfish were maintained at the NMFS laboratory at the HMSC in

2.3 m diameter tanks with a thin layer of sand and 9°C (± 1°C) flow-through seawater.

Age-0 flatfish were fed to satiation thrice weekly with commercially available fish

food pellets (Bio-Diet, 2 mm) supplemented with krill. Age-2 sablefish were fed

twice weekly with either commercially available fish food pellets (Bio-Diet, 5 mm) or

chopped squid Loligo spp. on alternate days. All fish were adapted to a diurnal cycle

of 12 hours of light (0700 to 1900) and 12 of darkness (1900 to 0700).

Burial and posture experiment

Burial trials were conducted in 2.3 m diameter circular arenas with flow-

through 9°C (±1°C) seawater at a depth of 1.0 m. The entire bottom of each arena was

covered with a 2:1 mixture of coarse (1.0 mm) and medium (0.5 mm), light colored

sand to a depth of 3 cm to allow juvenile flaffish to bury. A 1.0 m diameter circular

acrylic ring was offset to one side, inside the experimental arena to separate the
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predator from the prey. This configuration allowed for the predator to swim between

the ring and the tank wall while offering the observer the best possible view of the

juvenile flatfish. A blind was set up on the side closest to the ring to prevent observer

influence on the experiment. During these trials, a single sablefish predator was used.

Total length for these predators ranged from 503 to 510 mm ( = 507, SD = 3).

Lighting in the experimental arenas followed a 12:12 light:dark diurnal cycle with

lights on at 0700 and lights off at 1900. During the daylight period ambient light at

the sand surface was 1.00 jtEm2s'. Light levels were measured and adjusted prior to

each trial.

On the day prior to the trial (1500), five juvenile flatfish were transported from

the holding tank and placed into the ring within the experimental arena. At

approximately 0800 the following day the trial began, and at this point both predators

and prey had been starved for 48 h (as per Ryer et al. 2004). Observations were made

every half hour from 0800 to 1000. Immediately after the 1000 observation, a single

sablefish predator was introduced into the experimental arena and another observation

was made. Observations continued every half hour until the termination of the trial at

1200. During each observation period, the percentage of the dorsal surface covered by

sand was scored using the following index: 0- no sand particles on any part of the

body, 1- Less than 25 percent of the body covered by sand, 2- 25 to 50 percent of the

body covered, 3- 50 to75 percent of the body covered, 4- More than 75 percent

covered, and 5- Body completely covered, eyes may or may not be visible (after

Gibson and Robb 1992). At the same time, body posture was also scored using the

following index: 0- Buried, 1- Flat on the sand surface, 2- Head lifted off the sand, and
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3- Back arched with head and anterior part of body off the sand (after Ryer et al.

2004). At the conclusion of the trial fish were netted out using a dip-net, measured

(total length) and returned to the holding tank. Juvenile flatfish were not reused in

subsequent trials.

Six replicate trials were conducted for each of the three species. Total fish

lengths ranged from 61 to 92 mm ( 80, SE = 1.4) for Age-0 English sole, from 64

to 90 mm (5 = 80, SE = 1.2) for Age-0 halibut, and from 62 to 92 mm ( = 79, SE =

1.3) for Age-0 rock sole. Total fish lengths did not differ among the three species

(One-way ANOVA, F [2,151 = 0.15, p = 0.86).

Activity experiment

Activity trials were conducted in 2.3 m diameter circular arenas with flow-

through 9°C (±1°C) seawater at a depth of 1.0 m. The entire bottom of each arena was

covered with a 2:1 mixture of coarse (1.0 mm) and medium (0.5 mm), light colored

sand to a depth of 3 cm to allow juvenile flatfish to bury. A 1.0 m diameter circular

acrylic ring was located centrally inside the experimental arena to separate the

predator from the prey while still allowing the transmission of visual cues. This ring

remained in the tank regardless of whether the predator was present or absent,

eliminating potential artifacts. During these trials, a single sablefish (Anoplopoma

fimbria) predator was used. Total length for these predators ranged from 490 to 500

mm (x = 496, SD = 4). During the daylight period ambient light at the sand surface

was 1.00 tEm2s'. Light levels were adjusted prior to each trial.

At least 48 h before each trial, a group of 20 juvenile flaffish were measured

(total length) and placed in holding tanks. On the day of the trial, these fish were
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collected using a dip net and transferred into the Plexiglas ring within the experimental

arena. After a fifteen minute acclimation period, the trial commenced. Activity in the

absence of a predation threat was monitored for one hour. At this point, a single

sablefish predator was introduced into the experimental arena. Activity in the presence

of this predation threat was monitored for one hour after which the trial was

terminated. Afterwards fish were removed by dip-net from the experimental tanks and

returned to the holding tanks. All trials were videotaped from overhead for the

duration of the two hour trial. All fish (predators and prey) were starved for 48h prior

to the initiation of the trial to ensure activity (as per Ryer et al. 2003). To quantify

activity, the number of line crosses during one minute, every twenty minutes were

counted in the following manner. The overhead video image of the tank was divided

into quadrants, with each quadrant separated into two halves, for a total of eight

sections. The number of line crosses into each section was counted for one minute

every twenty minutes. To ensure all line crosses were counted only one quadrant was

observed at a time.

Eight replicate trials were conducted for each of the three species. Total fish

lengths ranged from 50 to 80 mm (E 69, SE = 0.58) for Age-0 English sole, from 52

to 80 mm ( = 69, SE = 0.56) for Age-0 halibut, and from 55 to 80 mm (5 68, SE

0.52) for Age-0 rock sole. Total fish lengths differed slightly between the three

species (One-way ANOVA, F [2,21] = 3.87, p = 0.04).
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The tendency to bury differed between the three juvenile flatfish species. In the

absence of predation risk, juvenile English sole and halibut tend to be unburied or

maintain a moderate level of burial, while rock sole tend to be near or completely

buried (Figure 7). A one-way ANOVA confirmed these species level differences

immediately before the predator was introduced into the experimental arena (F [2, 15] =

9.55, p = 0.002), English sole and halibut were significantly less buried than the rock

sole, but did not differ from one another (Tukey multiple comparisons, p < 0.05). The

introduction of a predator had different effects upon the burial behavior of the three

species. One minute after the predator was introduced, English sole continued to be

unburied or only moderately buried, while halibut and rock sole were completely or

near completely buried (Kruskal-Wallis nonparametric one-way ANOVA, F [2, 15] =

35.8, p < 0.0001, Tukey multiple comparisons p <0.05). As a result, English sole's

tendency to bury did not change significantly whether the predator was absent or

present (Friedman test statistic 12.540, p = 0.1846). Conversely, halibut and rock

sole altered their behavior and adopted stronger anti-predator behavior in the presence

of a predation threat (halibut: Friedman test statistic = 35.168, p = 0.0001; rock sole:

Friedman test statistic = 42.072, p < 0.000 1).

Similarly, English sole were less likely to make themselves inconspicuous by

lowering their body posture than either halibut or rock sole. This was evidenced by a

significant interaction between species and predator presence/absence (F [2, 35] = 11.75,

p = 0.0009). English sole tended to have a raised body profile in both the absence and
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in the presence of the predation threat (Tukey multiple comparisons p> 0.05) while

halibut and rock sole adopted a lower body profile, which became flat in the presence

of a predator (Tukey multiple comparisons; Figure 8). In the absence of a predation

threat, 52% of the English sole that were observed unburied had a raised body profile

with at least the head lifted off the sediment surface, while this behavior was observed

in 17% of the halibut and 20% of the rock sole. In the presence of a predator, 56% of

the English sole that were observed unburied demonstrated this raised profile while

halibut and rock sole were never observed exhibiting such behavior.

Activity experiment

After the 15-minute acclimation period, halibut and rock sole remained

inactive while English sole demonstrated their highest observed mean activity level

(Figure 9). As the trial progressed English sole activity decreased while halibut

activity level increased and rock sole generally remained inactive. Just before the

predator was introduced into the tank activity differed between the three species (F [2,

23] = 17.5, p <0.0001). English sole and halibut were significantly more active than

the rock sole, while activity levels were similar for the English sole and halibut (Tukey

multiple comparisons, p <0.05). A decrease in activity was observed in each of the

three species directly after the predator was introduced into the experimental arena

with a 38% decrease on average for English sole, a 50% decrease on average for rock

sole, and a 97% decrease on average for halibut (Kruskal-Wallis nonparametric one-

way ANOVA, F [2,23] 9.26, p 0.00 13). This decrease was significantly different for

English sole in comparison to halibut, while there was an intermediate effect for rock

sole (Tukey multiple comparisons p < 0.05). However, English sole continued to be
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significantly more active than both the halibut and the rock sole in the presence of a

predation threat (F [2,23] = 36.2, p < 0.0001).

DISCUSSION

In standardized laboratory predator challenges, juvenile halibut and rock sole

have significantly reduced predation rates in comparison to juvenile English sole

(Chapter Two, this thesis). This difference may be attributed to a number of

behavioral mechanisms including the tendency to flee when confronted by a predator

and flight capabilities. However, species also differ in their cryptic capabilities

(Stoner and Ottmar 2003). English sole are more likely to be detected and stalked by

predators, than either halibut or rock sole (Chapter Two, this thesis). This suggests that

pre-encounter behaviors which render juveniles less conspicuous to predators play an

important role in predator-prey interactions. Such antipredator behavior includes

crypsis, the tendency to bury, body posture relative to the bottom, and activity, which

differ between the three species. English sole, with the highest predation rates, tend to

be unburied, exhibited a raised body profile with head elevated off the bottom, and

maintained a moderate level of activity, even in the presence of a predation threat,

rendering them more conspicuous to predators. Conversely, rock sole exhibited

conservative behavior, regardless whether a predator was absent or present. Rock sole

tended to be mostly buried, lying flat under the sand, and were almost completely

inactive. Halibut demonstrated the most dynamic range in behavior depending on the

relative predation risk. In the absence of predation risk, halibut behavior was similar

to that of the English sole: unburied and actively moving around the experimental
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arena. In the presence of a predation threat however, halibut behavior was similar to

that of the rock sole: mostly buried and completely inactive.

At the initiation of the trials, juvenile flatfish had been starved for 48 hours to

establish similar, moderate hunger level across the three species. Under conditions

with no perceived predation risk, i.e. predator absent, I expected juvenile flatfish to be

unburied, with a raised body posture, and to be moderately active while engaged in

foraging. Burial is often viewed as a defensive mechanism against predation (Kruuk

1963) although other explanations for such behavior have been suggested (i.e.

maintaining position in currents, cryptic refuge to ambush prey, and energy

conservation), and as such I expected such behavior to be limited in the absence of a

predator. Further, in flatfish species that rely on visual feeding cues, a "head up" or

"alert" posture elevates the eyes, thus increasing the field of vision and the probability

of detecting prey (see 011a et al. 1969, 1972: Stickney Ct al. 1973; Macdonald 1983 for

detailed descriptions). Finally, active searching for prey often consists of swimming

short distances interspersed with short pauses (Kruuk 1963; 011a et a! 1972; Gibson

1980; Holmes and Gibson 1983; Hill et al. 2000), which precludes burial.

Conversely, in the presence of the predator, I expected a trade-off between

such foraging activity and predation risk. Foraging activity renders juveniles more

conspicuous to predators and thus increases the risk of predation. A number of studies

have demonstrated that behaviors associated with the acquisition of resources, such as

increased foraging activity, directly increases the risk of consumption by predators

(reviewed by Lima and Dill 1990, Skelly 1994; Anholt and Werner 1995, 1998; Eklov

and Ha!vorsson 2000; Sih et al. 2000). For example, Furuta (1996) demonstrated that
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reared juvenile Japanese flounder (Paralicthys olivaceus), which spent longer periods

feeding in the water column in comparison to their wild counterparts, were more prone

to predation. Further, Manderson et al. (2000) observed that on average 79% of the

attacks on juvenile winter flounder by Age-i summer flounder occurred when the prey

were visible on the surface. Therefore, as predation risk increased, I predicted that

foraging activity should decrease and that juveniles would be buried, maintaining a

low, flat posture against the sediments. Such reductions in activity levels have been

demonstrated for juvenile plaice (Burrows et al. 1994, Burrows and Gibson 1995), as

well as a number of other aquatic species (various examples presented by Lima and

Dill 1990, as well as Enallagina spp (Odonata): McPeek 1990; Bufo spp: Skelly and

Werner 1990, Laurila et al. 1998; Pseudacris spp: Skelly 1995; Rana spp: Barnett and

Richardson 2002, Werner 1991, Altwegg 2002, Barnett and Richardson 2002, Eklov

and Halvarsson 2000, Laurila and Kujasalo 1999, Nicieza 2000; salamander larvae

(Ambystoma laterale and A. maculatum): Brodman 2002; and pike larvae (Esox

lucius): Engstrom-Ost and Lehtiniemi 2004).

Juvenile halibut follow this risk-sensitive pattern of behaviors most closely. In

the absence of a predation threat, such behavior would allow this species to exploit

available food resources. By increasing the amount of time spent foraging, halibut

should be able to increase the quantity and perhaps quality of food resources acquired.

For juveniles not of reproductive age, the energy from food resources is directly

translated as increased growth rates allowing them to reach a refuge in size. Further,

by dynamically and quickly assuming anti-predator behavior once a predator is

introduced, halibut are less likely to be encountered and consumed. Conversely, rock
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sole demonstrate risk-adverse behavior in both the presence and absence of a

predation threat. Such well-developed predator defenses, especially in the absence of

predation risk may reduce the ability of rock sole to acquire resources, such as food,

which may be limiting. In fact, in laboratory growth studies, where juvenile flatfish

were fed to satiation daily, Age-0 rock sole grew significantly slower (i = 0.15

mm/day) than Age-0 halibut ( = 0.24 nmi/day), possibly due to their conservative

behavior (Moles and Scott 2002). Although growth may be restricted by such

behavior, these types of tactics would also tend to reduce predation risk for such

individuals, and may explain the significantly lower predation rates on rock sole in

comparison to halibut observed in laboratory experiments (Ryer et al 2004). Finally,

English sole demonstrated a relatively riskprone pattern of behavior which would

allow them to exploit food resources but would also tend to leave them exposed to

predators. In fact, English sole growth rates in Yaquina Bay are much higher (=' 0.40

mm/day) than those reported for halibut and rock sole in laboratory studies (Krygier

and Pearcy 1986).

In other studies such variability in observed behavior has been attributed to

differences in the trade-off between foraging and predation risk either due to the

quality of the available food resources or hunger level (Eklov and Halvarsson 2000),

the relative size of the predator and/or the prey (Bishop and Brown 1992; Engstrom-

Ost and Lehtiniemi 2004), naiveté due to the species of predator used (Maguran and

Seghers 1990), and the relative predation risk normally experienced by the species in

their natural environment, in this case a turbid one (Gradall and Swenson 1982,

Gregory 1993). When possible, I designed my study to minimize such factors. To
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control for variability influenced by either the availability of food resources or

differing hunger levels, I specifically tested each species in the absence of food

resources and at similar hunger levels. Additionally, I restricted the size (total length)

of both the prey and the predators to a narrow range to ensure that size would not be a

factor influencing my results.

It is possible that English sole may not have regarded the sablefish as a

predator and thus may not exhibit anti-predator behavior in its presence. For example,

when different populations of guppies (Poecilia reticulata) were confronted with a

predator which was abundant in their natural environment, they maintained greater

distance and avoided the jaw and mouth region of piscivorous fish and the claws of the

prawns, but made no such effort in the presence of a predator which was rare in their

natural environment and to which they were unaccustomed (Maguran and Seghers

1990). Similarly, English sole may not exhibit anti-predator behaviors in the presence

of large fish predators if juveniles are not accustomed to such a threat in their natural

environment. However, known predators of English sole include staghom sculpin

(Leptocottus armatus; Armstrong et al. 1995), California sea lions (Zalophus

calfornianus; Lowry et al. 1990), and harbor seals (Phoca vitulina; Browne et al.

2002) and it is likely that the "attack cone" avoidance behavior learned from

encounters with such predators would carry over to other piscine predators including a

larger flatfish.

Differences in the distributions of the three species may also influence the

relative abundance and type of predators juvenile flatfish are exposed to and thus the

level of predation risk to which they are accustomed. Juvenile halibut and rock sole
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used in this study for example were collected in shallow bay nursery areas off Kodiak

Island, Alaska while juvenile English sole were collected from the Yaquina River

estuary in Oregon. While little empirical evidence exists, a number of authors have

proposed that predation in estuarine nursery areas may be lower than that in open

coastal areas (Rosenberg 1982; Gibson 1994) due to a greater abundance, greater

range of sizes and more species of predators in coastal areas. For example, no

predators were collected with English sole during a study conducted in the intertidal

areas of Humboldt Bay, California (Toole 1980). Further, turbidity within such areas

reduces the apparent contrast of prey against a background at long distances, and as a

result may lessen the encounter rate of juveniles by piscivores (Dc Robertis Ct al.

2003). In environments or conditions where a decreased probability of detection by

predators exists, prey species may reduce or abandon anti-predator strategies.

Examples include increased activity and less use of overhead cover by brook trout

(Salvelinusfontinalis) and creek chubs (Semotilus atromaculatus) in moderately turbid

conditions (Gradall and Swenson 1982) and decreased schooling behavior in juvenile

Chinook salmon (Oncorhynchus tshawytscha) in turbid conditions (Gregory 1993).

English sole which preferentially recruit to estuaries in comparison to open coastal

areas (Olson and Pratt 1973; Pearcy and Meyers 1974; Gunderson et al. 1990), may

experience less predation risk due to turbid conditions, and thus have evolved or

developmentally relaxed their anti-predator strategies.

Interestingly, the two species, which exhibited the most different anti-predator

strategies, are also the most closely related phylogenetically. While all three species

are classified as belonging to the family Pleuronectidae, English sole and rock sole
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belong to the subfamily Pleuronectinae while halibut belong to the subfamily

Hippoglossinae. English sole with risk-prone behavior are closely related to rock sole

with risk-adverse behavior. These two species are further classified into the tribes of

Pleuronectini in the case of English sole and Microstomini in the case of rock sole

(Cooper and Chapleau 1998).

In summary, the anti-predator behaviors utilized by juvenile flatfish species

can be adjusted to reflect the current predation threat but may also be influenced by

the behavioral predisposition of each individual species. A number of factors may

influence such predispositions such as individual physical capabilities, the type of

predators encountered, the relative encounter rate of such predators, as well as the

temporal and spatial relationships between such predators and prey as time and

position within nursery areas fluctuate. To determine if such species level differences

in behavior occur in other species of juvenile flatfishes, it is important to test the

behavioral responses of such juveniles in both the absence and presence of a predation

threat under standard conditions. In addition, future studies may look at variations in

behavior across populations or across habitat types. For example, does the anti-

predator behavior of juvenile English sole collected in turbid estuaries differ from

those found in open coastal or shallow bay nursery areas? Such studies will further

our understanding of how both habitat characteristics and predatory regimes affect the

anti-predator behaviors of fishes.
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Figure 7. Mean burial score (± SE) for English sole, halibut, and rock sole in the
absence and presence of a predation threat by a single sablefish predator, introduced
into the experimental arena at 1000. A score of 0 indicates complete exposure while a
score of 5 indicates complete burial.
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Figure 8. Mean posture score (± SE) for English sole, halibut, and rock sole in the
absence and presence of a predation threat by a single sablefish predator, introduced
into the experimental arena at 1000. A score of 0 indicates burial, a score of 1
indicates a flat posture against the sediment, and a score of 2 indicates a head-up,
"alert" posture.
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Figure 9. Mean number of line crosses per one minute observation period made by 20
juvenile English sole, halibut, or rock sole in the absence and presence of a predation
threat by a single sablefish predator, introduced into the experimental arena at 1000.
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SUMMARY AND GENERAL CONCLUSIONS

The expression of anti-predator behavior varies among different species of

juvenile (Age-O) North Pacific flatfish, affecting their vulnerability to predation. My

laboratory experiments demonstrated that juvenile English sole have an increased

vulnerability to predation by halibut predators in comparison to Age-O halibut and

rock sole, manifested by conspicuousness. My subsequent set of experiments revealed

that English sole tended to be unburied, with a raised body profile off the bottom, and

were active in both the absence and presence of predation risk. While such behavior

may allow them to encounter and acquire food resources more frequently, it also

leaves them vulnerable to predators as they are conspicuous. Conversely, halibut and

rock sole, with the lowest predation rates, rely on stereotypical flatfish anti-predator

behavior in the presence of a predator. Both species tended to be buried, with a low

profile against the bottom, while nearly or completely inactive. In the absence of a

predator however, the two exhibited different behavioral tactics. It was often difficult

to distinguish rock sole within the arenas as they showed a unique ability to cryptically

match the sediment while often being buried and inactive. Halibut on the other hand

actively moved about the arenas, swimming off the bottom in the absence of a

predator. Such shifts in behavior would allow halibut to exploit food resources during

periods of little or no predation risk, and decrease their vulnerability to predation in

the presence of predators.

Consistent with the underlying supposition of this thesis, such relaxed anti-

predator behavior on the part of juvenile English sole may have evolved or been

developed due to the dependence of English sole on estuaries where they rely upon
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turbidity as cover from predators. Along the Pacific Northwestern coast of the United

States for example, production of juvenile English sole in estuaries potentially

supports the entire population of English sole on the Washington- Oregon coastal shelf

(Rooper et al. 2004). Estuarine nursery areas also offer increased growth rates in

comparison to coastal areas due to increased water temperatures and increased food

availability. Estuaries, which are subject to a number of anthropogenic impacts

including development, pollution, and dredging, are clearly essential fish habitat for

juvenile stages of this species. Juvenile halibut and rock sole are less likely to

encounter such condition in the coastal and shallow bay nursery areas to which they

recruit and as such have developed tactics to efficiently avoid predation. Future

studies on anti-predator behavior should compare the tactics of estuarine species to

coastal species to determine if the effect of selective pressures within different nursery

areas demonstrated here is limited or generic.

Finally, recent studies suggest that that predator-prey interactions as well as

competition among juvenile life stages of flatfish play an important role in the

regulation of flatfish populations (see review by Rijnsdorp et al. 1995). The trade-off

between foraging and predation risk can limit both the temporal and spatial aspects of

foraging activity affecting the growth, survival, and distribution of individuals.

Although the three species I studied were within the same size-class and had only

slightly different body morphologies, they have quite different strategies for dealing

with predation risk, which clearly affected individual vulnerability to predation.

Knowledge of predator-prey interactions, such as that presented here, informs our



understanding of juvenile flatfish life histories and is clearly important to consider

when formulating population models and making management decisions.



61

LITERATURE CITED

Rijnsdorp, A.D., Berghahn, R., Miller, J.M., and H.W. Van der Veer. 1995.
Recruitment mechanisms in flatfish: what did we learn and where do we go?
Netherlands Journal of Sea Research 34: 237-242.

Rooper, C.N., Gunderson, D.R., and D. A. Armstrong. 2004. Application of the
concentration hypothesis to English sole in nursery estuaries and potential
contribution to coastal fisheries. Estuaries 27: 102-111.



62

BIBLIOGRAPHY

Abrahams, M. and M. Kattenfield. 1997. The role of turbidity as a constraint on
predator-prey interactions in aquatic environments. Behavioral Ecology and
Sociobiology 40:169-174.

Aksnes, D.L. and J Giske. 1993. A theoretical model of aquatic visual feeding.
Ecological Modeling 67: 233-250.

Altwegg, R. 2002. Predator-induced life-history plasticity under time constraints in
pool frogs. Ecology 83: 2542-255 1.

Anholt, B. R., and E. E. Werner. 1995. Interaction between food availability and
predation mortality mediated by adaptive behavior. Ecology 76: 2230-2234.

Anholt, B.R., and E.E. Werner. 1998. Predictable changes in predation mortality as a
consequence of changes in food availability and predation risk. Evolutionary
Ecology 12:729-738.

Armstrong, J.L., D.A. Armstrong and S.B. Mathews. 1995. Food habits of estuarine
staghorn sculpin, Leptocottus armatus, with focus on consumption ofjuvenile
Dungeness crab, Cancer magister.. Fisheries Bulletin 93: 456-470.

Bailey, K.M. and E.D. Houde. 1989. Predation on eggs and larvae of marine fishes
and the recruitment problem. Advances in Marine Biology, 25: 1-83.

Bailey, K.M. 1994. Predation on juvenile flatfish and recruitment variability.
Netherlands Journal of Sea Research 32: 175-189.

Barnett, H.K. and J.S. Richardson. 2002. Predation risk and competition effects on the
life history characteristics of larval Oregon spotted frog and larval red-legged
frog. Oceologia 132: 436-444.

Bishop, T.D. and J.A. Brown. 1992. Threat-sensitive foraging by larval threespine
sticklebacks (Gasterosteus aculeatus). Behavioral Ecology and Sociobiology
31: 133-138.

Blaber, S.J.M. and T.G. Blaber. 1980. Factors affecting the distribution of juvenile
estuarine and inshore fishes. Journal of Fish Biology 17: 143-162.

Brodman, R. and J. Jaskula. 2002. Activity and microhabitat use during interactions
among five species of pond-breeding salamander larvae. Herpetologica 58(3):
346-354.

Broom, M. and G. Ruxton. 2005. You can run- or you can hide: optimal strategies for
cryptic prey against pursuit predators. Behavioral Ecology 16: 534-540.



Browne, P., Laake, J.L. and R.L. DeLong., 2002. Improving pinniped diet analyses
through identification of multiple skeletal structures in fecal samples. Fisheries
Bulletin 100: 423-433.

Burrows, M.T. and R.N. Gibson. 1995. The effects of food, predation risk and
endogenous rhythmicity on the behavior ofjuvenile plaice, Pleuronectes
platessa L. Animal Behavior 50: 4 1-52.

Burrows, M.T., Gibson, R.N., and A. Maclean. 1994. Effect of endogenous rhythms
and light conditions on foraging and predator avoidance in juvenile plaice.
Journal of Fish Biology 45(Supplement A): 171-180.

Cooper, J.A. and F. Chapleau. 1998. Monophyly and intrarelationships of the family
Pleuronectidae (Pleuronectiformes), a revised classification. Fisheries Bulletin
96: 686-726.

Dc Robertis, A., Ryer, C.H., Veloza, A., and R.D. Brodeur. 2003. Differential effects
of turbidity on prey consumption by piscivorous and planktivorous fish.
Canadian Journal of Fisheries and Aquatic Sciences 60: 1517-1526.

Drickamer, L.C., Vessey, S.H. and D. Meikle. 1996. Animal Behavior. Wm.C.
Brown Publishers.

Eklov, P. and C. Halvorsson. 2000. The trade-off between foraging activity and
predation risk for Rana temporaria in different food environments. Canadian
Journal of Zoology 78: 734-739.

Ellis, T., Howell, B.R., and R.N. Hughes. 1997. The cryptic response of hatchery-
reared sole to a natural sand substratum. Journal of Fish Biology 51: 389-401.

Engstrom-Ost, J. and M. Lehtiniemi. 2004. Threat-sensitive predator avoidance by
pike larvae. Journal of Fish Biology 65: 251-261.

Furuta, S. 1996. Predation on juvenile Japanese flounder (Paralichthys olivaceus) by
Diurnal piscivorous fish: field observations and laboratory experiments. In
Watanabe, Y., Yamashita, Y., and Y. Oozeki (Eds.), Survival Strategies in
Early Life Stages of Marine Resources, pp. 285-294.

Gibson, R.N. 1980. A quantitative description of the behaviour of wild juvenile plaice
(Pleuronectesplatessa L.) Animal Behaviour 28: 1202-12 16.

Gibson, R.N. 1994. Impact of habitat quality and quantity on the recruitment of
juvenile flatfishes. Netherlands Journal of Sea Research 32: 191-206.



64

Gibson, R.N. and L. Robb. 1992. The relationship between body size, sediment grain
size, and the burying ability ofjuvemle plaice, Pleuronectes platessa L.
Journal of Fish Behavior 40: 77 1-778.

Gibson, R.N., Robb, L., Wennhage, H. and M.T. Burrows. 2002. Ontogenetic changes
in depth distribution of juvenile flatfishes in relation to predation risk and
temperature on a shallow-water nursery ground. Marine Ecology Progress
Series 229: 223-244.

Gilroy, H.L. 2004. The Pacific Halibut Fishery, 2003. In "International Pacific
Halibut Commission 80th Annual Meeting Handout," International Pacific
Halibut Commission, Seattle, WA.

Gradall, K.S. and W.A. Swenson. 1982. Responses of brook trout and creek chubs to
turbidity. Transactions of the American Fisheries Society 111: 392-395.

Gregory, R.S. 1993. Effect of turbidity on the predator avoidance behavior of juvenile
chinook salmon (Oncorhynchus tshawytscha). Canadian Journal of Fisheries
and Aquatic Sciences 50: 241-246.

Gregory, R. S. 1994. The influence of ontogeny, perceived risk of predation and visual
ability on the foraging behavior of juvenile chinook salmon.271-284. In
Stouder, D. J., Fresh, K.L. and R. J. Feller (Eds.), Theory and application in
fish feeding ecology. Belle W. Baruch Library in Marine Science 18.

Gregory, R. S., and T. G. Northcote. 1993. Surface, planktonic, and benthic foraging
by juvenile chinook salmon (Oncorhynchus tshawytscha) in turbid laboratory
conditions. Canadian Journal of Fisheries and Aquatic Sciences 50: 233-240.

Gunderson, D.R., Armstrong, D.A., Shi, Y., and R.A. McConnaughey. 1990. Patterns
of estuarine use by juvenile English sole (Parophrys vetulus) and Dungeness
crab (Cancer magister). Estuaries 13(1): 59-71.

Guthrie, D.M. 1986. Role of vision in fish behavior. In Fisher, T.J. (Ed.), The
Behavior ofTeleost Fishes. pp. 75-113. Groom Helm, London.

Hill, S., Burrows, M. T., and R.N. Hughes. 2000. Increased turning per unit distance
as an area-restricted search mechanism in a pause-travel predator, juvenile
plaice, foraging for buried bivalves. Journal of Fish Biology 56, 1497-1 508.

Holmes, R.A. and R.N. Gibson. 1983. A comparison of the predatory behavior in
flatfish. Animal Behaviour 31: 1244-1255.

Houde, E.D. 1987. Fish early life dynamics and recruitment variability. American
Fisheries Society Symposium, 2, 17-29.



Houde, E.D. 2002. Mortality. In Fuiman, L.A. and R.G. Werner (Eds.), Fishery
Science: The unique contributions ofearly life stages, pp. 64-87.

Krebs, J.R. and N.B. Davies. 1991. Behavioral Ecology: an Evolutionary Approach.
Blackwell Scientific Publications, Cambridge, MA.

Kruuk, H. 1963. Diurnal periodicity in the activity of the common sole, Solea vulgaris.
Netherlands Journal of Sea Research 2: 1-28.

Kupiers, B.R. 1977. On the ecology of juvenile plaice on a tidal flat in the Wadden
Sea. Netherlands Journal of Sea Research 11: 56-91.

Krygier, E.E. and W.G. Pearcy. 1986. The role of estuarine and offshore nursery areas
for young English sole, Parophrys vetulus Girard, of Oregon. United States
National Marine Fisheries Service, Fishery Bulletin 84(1): 119-132.

Laurila, A. and J. Kujasalo. 1999. Habitat duration, predation risk, and phenotypic
plasticity in common frog (Rana temporaria) tadpoles. Journal of Animal
Ecology 68: 1123-1132.

Laurila, A., Kujasalo, J., and E. Ranta. 1998. Predator-induced changes in life history
of two anuran tadpoles: effects of predator diet. Oikos 83: 307-17.

Lima, S.L. and L.M. Dill. 1990. Behavioral decisions made under the risk of
predation: a review and prospectus. Canadian Journal of Zoology 68: 619-
640.

Lowry, M.S., C.W. Oliver, C. Macky and J.B. Wexier, 1990. Food habits of California
sea lions Zalophus calfornianus at San Clemente Island, California, 1981-86..
Fisheries Bulletin 88:509-521.

Macdonald, J.S. 1983. Laboratory observations of feeding behaviour of ocean pout
(Macrozoarces americanus) and winter flounder (Pseudopleuronectes
americanus) with reference to niche overlap of natural populations. Canadian
Journal of Zoology 61: 539-546.

Magurran, A.E. and B. Seghers. 1990. Population differences in predator recognition
and attack cone avoidance in the guppy (Poecilia reticulata). Animal
Behaviour 40: 443-452

Manderson, J.P., Phelan, B.A., Stoner, A.W., and J. Hubert. 2000. Predator-prey
relations between 1+ summer flounder (Paralichthys dentarus, Linnaeus)
and age-0 winter flounder (Pseudopleuronectes americanus, Walbaum):
predator diets, prey selection, and effects of sediments and macrophytes.
Journal of Experimental Marine Biology and Ecology 251: 17-39.



McPeek, M.A. 1990. Behavioral differences between Enallagrna species (Odonata)
influencing differential vulnerability to predators. Ecology 7 1(5): 17 14-1726.

Miner, J. G., and R. A. Stein. 1996. Detection of predators and habitat choice by small
bluegills: effects of turbidity and alternative prey. Transactions of the
American Fisheries Society 125: 97-103.

Moles, A. and R. Scott. 2002. Growth and behavior of juvenile Alaskan flatfishes in
the laboratory. Northwest Science 76: 41-45.

Nicieza, A.G. 2000. Interacting effects of predation risk and food availability on larval
anuran behaviour and developments. Oecologia 133: 497-505.

011a, B.L., Wicklund, R., and S. Wilk. 1969. Behavior of winter flounder in a natural
habitat. Transactions of the American Fisheries Society 98: 7 17-720.

011a, B.L., Samet, C.E., and A.L. Studholme. 1972. Activity and feeding behavior of
the summer flounder (Paralichthys dentatus) under controlled laboratory
conditions. Fishery Bulletin 70: 1127-1136.

Olson, R.E. and I. Pratt. 1973. Parasites as indicators of English sole (Parophrys
vetulus) nursery grounds. Transactions of the American Fisheries Society 102:
405-411.

Pearcy, W.G. and S.S. Myers. 1974. Larval fishes of Yaquina Bay, Oregon: a nursery
ground for marine fish? United States National Marine Fisheries Service,
Fishery Bulletin 72: 201-213.

Power, M., Attrill, M.J., and R.M. Thomas. 2000. Environmental factors and
interactions affecting the temporal abundance of juvenile flatfish in the
Thames Estuary. Journal of Sea Research 43: 135-149.

Rijnsdorp, A.D., Berghahn, R., Miller, J.M., and H.W. Van der Veer. 1995.
Recruitment mechanisms in flatfish: what did we learn and where do we go?
Netherlands Journal of Sea Research 34: 23 7-242.

Ritchie, J.C. 1972. Sediment, fish, and fish habitat. Journal of Soil and Water
Conservation 27: 124-125.

Rooper, C.N., Gunderson, D.R., and D. A. Armstrong. 2004. Application of the
concentration hypothesis to English sole in nursery estuaries and potential
contribution to coastal fisheries. Estuaries 27: 102-111

Rosenberg, A.A. 1982. Growth of juvenile English sole, Parophrys vetulus, in
estuarine and open coastal nursery grounds. Fishery Bulletin 80: 245-252.



67

Ryer, C.H., Stoner, A.W., and R.H. Titgen. 2004. Behavioral mechanisms underlying
the refuge value of benthic habitat structure for two flatfishes with differing
anti-predator strategies. Marine Ecology Progress Series 268: 23 1-243.

Skelly, D.K. 1995. A behavioral trade-off and its consequences for the distribution of
Pseudacris treefrog larvae. Ecology 76(1): 150-164.

Skelly, D.K. and E.E. Werner. 1990. Behavioral and life-historical responses of larval
American toads to an odonate predator. Ecology 71: 23 13-2122.

Snickars, M., SandstrOm, A. and J. Mattila. 2004. Antipredator behaviour of 0+ year
Perca fluviatilis: effect of vegetation density and turbidity. Journal of Fish
Biology 65: 1604-1613.

Soto, I., 2004. Unpublished data.

Steele, J.H., and R.R.C. Edwards. 1970. The ecology of 0-group plaice and common
dabs in Loch Ewe. IV. Dynamics of plaice and dab populations. Journal of
Experimental Marine Biology and Ecology 4:174-187.

Stickney, R.R., White, D.B., and D. Miller. 1973. Observations of fin use in relation to
feeding and resting behavior in flatfishes (Pleuronectiformes). Copeia 1973:
154- 156.

Stoner, A.W., Manderson, J.P., and J.P Pressutti. 2001. Spatially explicit analysis of
estuarine habitat for juvenile winter flounder: combining generalized additive
models and geographic information systems. Marine Ecology Progress Series
213: 253-271.

Stoner, A.W. and M.L. Ottmar. 2003. Relationships between size-specific sediment
preferences and burial capabilities in juveniles of two Alaska flatfishes. Journal
of Experimental Marine Biology and Ecology 282 (1): 85-101.

Toole, C.L. 1980. Intertidal recruitment and feeding in relation to optimal utilization
of nursery areas by juvenile English sole (Parophrys vetulus: Pleuronectidae).
Environmental Biology of Fishes 5: 383-390.

Van der Veer, H.W., Ellis, T., Miller, J.M., Pihi, L., and A.D. Rijnsdorp. 1997. Size-
selective predation on juvenile North Sea flatfish and possible implication for
recruitment. In Chambers, R.C. and E.A. Trippel (Eds.), Early life history and
recruitment infishpopulations, pp. 279-303.

Walsh, H.J., Peters, D.S., and D.P. Cyrus. 1999. Habitat utilization by small flatfishes
in a North Carolina estuary. Estuaries 22(3B): 803-8 13.



68

Werner, E.E. 1991. Non-lethal effects of a predator on competitive interactions
between two anuran larvae. Ecology 72(5): 1709-1720.

Wilderbuer, T., Leaman, B., Zhang, C.!., Fargo, J., and L. Paul. Pacific flatfish
fisheries. In Gibson, R.N. (Ed.). 2005. Flatfishes: Biology and Exploitation.
Blackwell Science, Oxford, United Kingdom.

Ydenberg, R.C., and Dill, L.M. 1986. The economics of fleeing from predators. In S.
Rosenblatt, S., Beer, C., Busnel, M.C., and P.J.B Slater (Eds.), Advances in the
study of animal behaviour. JAcademic Press, Orlando. pp. 229-249.




