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ABSTRACT

In the last decade, convincing evidence has been presented linking size-dependent
predation on fishes during early life stages to differential survival rates among
individuals, suggesting predation plays a major role in determining ultimate year class
strength. However, the majority of research directed at understanding the causes of
variation in recruitment success has centered on eggs and larval fishes, whereas the
juvenile stage of the life history has been relatively ignored. The bluefish (Pomatomus
saltatrix) is an importaht predator on a variety of juvenile fishes on the east coast of the
U.S. Here, we determine empirically the rate of capture success, haﬁdling time, and prey
profitability as a function of prey length/predator length ratio for age-0 bluefish feeding
on juvenile striped bass (Morone saxatilis) and Atlantic silversides (Menidia menidia).
Laboratory feeding trials (n = 83) were conducted using groups of 3 bluefish and 10 prey
fish. For each prey species, bluefish capture success declined lineal__rly and handling time
increased exponentially with increasing prey length/predatof length ratio. However,
relative to juvenile striped bass, Atlantic silversides were always easier to capture and
induced lower handling times over the range of prey length/predator length ratios used in
the experiment. These differences in predation components led to disparate prey
profitability curves for each prey species. Further, prey specific differences in
morphology and behavior likely led to differences in prey size/predator size ratios that led
to shifts in foraging mode by bluefish from swallowing prey fish whole to consumption of
fish in pieces. Our results suggest that for juvenile fishes, prey specific differences in
morphology and behavior can have significant effects on relative prey vulnerability to

predation and may present important implications for recruitment success in fishes.
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INTRODUCTION

Recruitment success in fish populations can exhibit substantial variation on both
temporal and spatial scales. Most research directed towards understanding the underlying
mechanisms that regulate recruitment success has focused on the larval period of the life
history (Miller et al. 1988, Houde 1989, Paradis et al. 1996). However, a growing body
of evidence exists indicating that factors contributing to year class strength may also
involve the juvenile stage (Ansell and Gibson 1993). Therefore, an improved knowledge
of the causes of variation in recruitment success may be gained through more complete
information on juvenile life history.

Predator-prey interactions involving fish at early stages in the life history have
been strongly linked to recruitment success in fishes (Houde 1989, Bailey and Houde
1989, Pepin et al. 1992). Specifically, size dependent processes of predation play an
important role in determining the abundance and size-structure of prey and predator
populations. The outcome of size-structured interactions between' prey and predator
populations that are growing simultaneously are often complex (Werner and Gilliam
1984, Stein et al. 1988, Rice et al. 1993). Hence, specific components of size-structured
predator-prey interactions are typically determined from laboratory experiments using
individual predator-prey combinations or small groups. Information obtained from
laboratory trials may then be incorporated into size dependent foraging models used to
predict the outcome of population level interactions (Adams and DeAngelis 1987, Wilbur
1988, Rice et al. 1993). Therefore, laboratory derived components of individual predator-\
prey interactions may provide important knowledge towards a better understanding of

population processes.
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Knowledge of predator and prey characteristics leading to changes in predator
feeding modes may also enhance our understanding of population-level interactions.
Predators that are capablé of shifting modes of search, capture, or ingestion in response to
changes in prey abundance, distribution, or size-structure may have greater effects on
prey resources relative to predators with restricted feeding capabilities, thus potentially
affecting recruitment success of both predator and prey. Specifically, fish predators with
the ability to alter their modes of handling or ingesting prey, in order to reduce prey size,
may reduce limitations imﬁosed by gape or mouth width and exploit prey of larger size
(Helfman and Winkelman 1991, Scharf et al. in press). Hence, the incorporation into
foraging models of complete information on both causes and effects of predator foraging
mode shifts may yield more precise estimates of interactions between size-structured

predator and prey populations (Helfman 1990).

The bluefish (Pomatomus saltatrix) is an important piscivore on the east coast of
the US. Larvae are spawnéd in the South Atlantic Bight in early spring and are advected
northward in Gulf Stream waters (Kendall and Walford 1979). Within approximately
two months, juveniles between 40;60 millimeters fork length migrate into estuaries of the
Middle Atlantic Bight where they remain throughout summer and early fall (Nyman and
Conover 1988, McBride and Conover 1991). Entry into estuaries is accompanied by a
shift in bluefish diet from zooplankton to fish (Marks and Conover 1993). The estuarine
waters of the lower Hudson River (New York) represent one such estuary inhabited by
Juvenile bluefish during summer months, as well as containing a diverse fish assemblage
including several species of recreational and commercial importance (Beebe and Savidge

1988). Recent work has indicated that juvenile bluefish consume a variety of fish species
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during summer residence in the Hudson River (Juanes et al. 1993, Juanes et al )

T

h
within the group (i.e., pirating) (Juanes and Conover 1994). Analyses of stomac

rey and
contents data indicate a similar frequency of the occurrence of severed fish prey

i i ing to shifts
suggest that prey length relative to predator length is an important factor leading to s

in handling mode (Scharf et al. in press).

. . ¢
Here. we determine empirically prey length/predator length ratio specific rates o

ture success, handling times, and prey profitabilities for young-of-the-year bluefish
cap , ,

. . . ely
feeding on two prey species with contrasting morphologies and behaviors, namely

- .

i ion of pieces
bluefish foraging mode shifts from swallowing prey fish whole to consumption 0T pi

i i i ecies .
of fish in terms of prey size/predator size ratios when feeding on each prey sp

METHODS

Juvenile bluefish, striped bass, and Atlantic silversides were collected in the

Haverstraw Bay region of the Hudson River during June through August of 1996 using
beach seines. Additional bluefish and Atlantic silversides were collected from Great

South Bay in Patchogue, NY, and Flax Pond in Old Field, NY, which are marine

embayments on the south and north shores of Long Island, respectively. Addltlogal

I t of
striped bass were collected in the Hudson River by the New York State Departmen

Environmental Conservation during a juvenile striped bass survey.

Fish were immediately transported to the Flax Pond Marine Laboratory in Old

V-9




IE‘
i
|

Field, NY, and allowed to acclimate for at least one week prior to use in experiments. All
fish were maintained in tanks with a continuous flow of sea water at ambient
temperatures and salinities and natural photoperiod throughout the experiments. Because
bluefish feeding trials were conducted during a five week period of mid summer (10 J uly
to 14 August 1996), water temperatures, salinities, and photoperiod remained relatively
constant throughout the experiments.

A total of 53 bluefish ranging from 80-155 millimeters (mm) total length were
used in the feeding trials. Bluefish were separated by size and held in three 800 liter )]
holding tanks while being fed a combination of live and frozen fish prey throughout the
experimental period. Bluefish were sampled randomly from the holding tanks and were
mildly anesthetized with MS-222 (tricaine methanesulfonate) and sorted into groups of
three similarly sized individuals to ensure that length differences between any two
members of the group did not exceed five mm. The three bluefish were then plat:ed in
200 1 tanks and starved for a 24-hour period to standardize hunger levels across feeding
trials. Bluefish were then placed in one of four 215 1 experimental chambers, which were
derived from equal partitioning of two 430 I tanks eat:h equipped with a transparent
plexiglass viewittg window, and allowed to acclimate for at least eight hours prior to the
initiation of a feeding trial.

Feeding trials were conducted during early morning and late afternoon throughout
the experimental period. Each feeding trial consisted of a group of three bluefish to allow
for schooling while still allowing individuals to be distinguished (Juanes and Conover
1994). Bluefish were presented with a group of ten striped bass or ten Atlantic silversides

with length differences not exceeding 2.5 mm between any two préy fishes in a group.
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Juvenile striped bass used ranged in size from 25-80mm total length, whereas Atlantic
silversides ranged from 20-85mm total length. Throughout the five week experimental
period, various combinations of prey and predator length groups were used to generate a
database with a continuous range of prey length/predator length ratios ranging from 0.20
to 0.65 for each prey species. Prey were added to chambers already containing bluefish
using a hollow, transparent plexiglass cylinder that was placed vertically into the chamber
and allowed to acclimate to chamber conditions for at least five minutes before the
cylinder was removed and the bluefish had access to the prey. Each experimental
chamber was illuminated during feeding trials using a 150-watt halogen light positioned
approximately 1 meter (m) above the chamber and continuous sea water flow was
maintained. Each feeding trial was video recorded using a standard Hi-8 camera mounted
on a tripod at a distance from the viewing window of approximately 1 m and lasted 15
minutes, at which time all live prey fishes were counted and removed and bluefish were
returned to the 800 1 holding tanks.

Throughout the experimental period, bluefish were sampled randomly with
replacement from the holding tanks to avoid the effects of potential learned behavior by
the bluefish resulting from continuous holding in the experimental chambers for extended
time periods. Our experimental procedure for random sampling of bluéﬁsh from the
holding tanks, placement into tanks for a 24-hour starvation period, and subsequent
placement into feeding chambers ensured that once used in a feeding trial, bluefish of a
given group could not be used during the next two trials. This translated into a minimum
time between use in feeding trials of 36 hours for any given bluefish.

Capture success was determined from the proportion of bluefish capture attempts
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that resulted in prey consumption and expressed as a percent. A capture attempt was
defined as a directed strike at a prey fish, wherein a single bluefish oriented toward an
individual prey fish and exhibited a burst in swimming speed culminating in a lunge in an
attempt to grasp the given prey fish. Capture success was calculated for bluefish feeding
on each prey species for each 0.05 interval of prey length/predator length ratio by pooling
the numbers of successful and total capture attempts across individual feeding trials
within each ratio interval. The potential effect of changes in bluefish hunger level during
feeding trials was examined by calculating capture success for the first capture attempt
and separately for all subsequent capture attempts within each feeding trial and pooling
trial data for each 0.05 interval of prey length/predator length ratio. Least squares
regression analysis was used to determine the relationship between capture success and
prey length/predator length ratio for each prey species. Analysis of covariance
(ANCOVA) was employed to compare regressions between prey species and within each
prey species between first capture attempts and all subsequent attempts (Sokal and Rolhf,
1995). | |
Handling time, defined as total ingestion time from initial bluefish contact with a
given prey fish until swallowing activity ceased, was estimated to the 30™ of a second (s)
for each successful capture. Mean handling times were calculated for each 0.05 interval
of prey length/predator length ratio by pooling trial data within each interval. For each
prey species, mean handling times were determined for prey fishes swallowed whole, for
the first pieces severed and ingested by each original attacking bluefish, and for the
complete consumption of a given prey fish, regardless of the number of prey pieces or the

number of participating bluefish. Nonlinear least squares regression models were fit to
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mean handling times for prey fishes swallowed whole and prey fishes consumed in pieces
when the entire prey fish was eaten using the exponential relationship, y = ae™
(StataCorp, 1995). Normal least squares regression analysis was used to determine the
relationship between mean handling time for the first piece of a severed prey fish and
prey length/predator length ratio for each prey species. Nonlinear regression coefficients
of handling time curves were compared between prey species using a t-test with unequal
sample sizes (Sokal and Rohlf, 1995).

Profitability estimates for each prey species were calculated as the ratio of prey
weight ingested to bluefish weight per unit handling time (s) multiplied by percent
capture success for each 0.05 interval of prey length/predator length ratio. Estimates were
generated using instances when only the entire prey fish was consumed, whether it was
swallowed whole or ingested in pieces. Least squares regressions were fit to profitability
estimates for each prey species.

Bluefish foraging mode shifts were examined by plotting the relative‘percent
frequency of each prey species swallowed whole and consumed in pieces for each 0.05
interval of prey length/predator length ratio. Midpoints of relative percent frequencies
were calculated for each 0.05 ratio interval. The ratio intefval within which relative
percent frequency became skewed toward partial rather than whole prey consumption as
well as the immediately preceding ratio interval were identified. The boundaries of these

two ratio intervals Were then considered to best approximate the range of prey
length/predator length ratios leading to a shift in bluefish foraging mode from primarily
swallowing prey fishes whole to partial consumption. To examine further the effects of

differences in prey morphology, bluefish foraging mode shifts were analyzed in terms of
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prey weight/predator weight ratios and prey body depth/predator mouth width ratios using

weight-length and depth/mouth width-length conversions (Table 1). To maintain

relatively uniform numbers of observations within each ratio interval, data presented in

Table 1. - Linear regression equations estimating we.igh"c (W) .and .body -depth. (B(li)l)) orS
mouth \;vidth (MW) from total length (TL) for Atlantic silverside, ]gvem-le stripe da.s ,
and juvenile bluefish. Length measurements are in millimeters; wel(giht dlS meaiufre in
i i igni 0.0001). S, = standard error
s. All regressions are highly significant (p < ( :
ggrr{clssion coegfrﬁcient; 2 = coefficient of determination; n = number of fish measured.

terms of prey weight/predator weight ratios were grouped in 0.02 intervals up to a relative

weight ratio of 0.10, and 0.05 intervals thereafter. Data presented in terms of prey body

depth/predator mouth width ratios were grouped in 0.10 intervals.

: o
1 Species Equation Se r
E 53
RESULTS Atlantic silverside ~ W=5.08x10°TL** 0.000 0.98 .
BD=0.694+0.138TL 0.000 0.00
A total of 83 bluefish feeding trials were conducted which generated 485 observed
Striped bass W=3.53x10TL>*" 0.000 0.99 3‘11
attacks resulting in 261 successful prey captures. Bluefish attacks were always directed 3 BD=-0.788+0.232TL 0.000 0.00 |
posteriorly resulting in tail-first ingestion of prey fishes. Of successful prey captures, 51 Bluefish W=1.48x10TL>*’ 0.000 0.99 54
MW=0.840+0.129TL 0.000 0.00 00
involved severing of prey and consumption of pieces of fish. Posterior pieces of prey
fishes (i.e., those including the tail) were swallowed tail-first, whereas anterior pieces of
prey fishes (i.e., those including the head) were manipulated in order to allow head-first

swallowing. More than half of the successful prey captures that necessitated prey

severing by bluefish involved pirating of prey fish pieces by other bluefish within a

group. Moreover, only 22% of captures involving prey severing resulted in the original

attacking bluefish consuming the entire prey fish.

Bluefish capture success declined linearly with increasing prey length/predator

length ratio when feeding on each prey species (striped bass: y = 1.21-2.11x, p < 0.0001,

r’= 0.98; Atlantic silverside: y = 1.30-1.62x, p <0.0001, r* = 0.92) (Fig. 1). Regression
slopes were not statistically different (F=2.292,0.10 < p <0.25), however, elevation of

Atlantic silverside capture success was significantly higher than that of striped bass
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(F = 86.662, p <0.001). Capture success of first attacks within each feeding trial also

declined linearly with increasing prey length/predator length ratio for each prey species
100 - - (striped bass: y = 1.09-1.83x, p < 0.003, 2 = 0.77; Atlantic silverside: y = 1.44-1.74x, p <
0.0005, ©* = 0.83) (Fig. 2). Similarly, capture success for all attacks other than first

attacks within each feeding trial exhibited a linear decline (striped bass: y = 1.23-2.17x, p

0
o

<0.0001, ©* = 0.98; Atlantic silverside: y = 1.28-1.62x, p <0.0001, r* =0.92). For striped

bass, regressions explaining capture success of first attacks and all other attacks were not

significantly different (slopes: F = 0.310, p > 0.50; elevations: F = 0.054, p > 0.75) (Fig.

N
o

2a). For Atlantic silversides, regression slopes were not statistically different (F = 0.064,

p > 0.75), however, elevation of capture success for first attacks was significantly higher

o
o

than elevation of capture success for all other attacks (F = 5.988,0.025 <p < 0.05) (Fig. |

Capture Success (%)

2b).

Bluefish mean handling times calculated for prey fish swallowed whole increased

N
o

exponentially with increasing prey length/predator length ratio for each prey species

3.248x

(striped bass: y = 0.679¢>%™, p < 0.0005, r* = 0.99; Atlantic silverside: y =2.318¢"™, p

<0.0005, = 0.99) (Fig. 3a). Slope comparisons indicated a significantly higher rate of

increase in bluefish handling time when feeding on striped bass (t = 12.564, p < 0.001).

o

6. o 74 (7]
O Sy Gy s
Mean handling times calculated for the first pieces severed and ingested by each original

2, @, @
v % % ‘A %y %
Prey Length/Predator Length

attacking bluefish did not change significantly with increasing prey length/predator length
ratio for each prey species (striped bass: p = 0.059; Atlantic silverside: p = 0.576) (Fig.

3b). Similar to bluefish handling times for prey fish swallowed whole, mean handling

Figure 1. - Percentage of successful cap

ratio for juvenile bluefish fee ding on str times calculated for the complete consumption of a given prey fish, regardless of the

tures as a function of prey length/
. predator length
1ped bass (@) and Atlantic silversides (A). «

number of prey pieces or the number of participating bluefish, increased exponentially
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with increasing prey length/predator leﬁgth ratio for each prey species (striped bass: y =
1.464e%7* p < 0.0005, r’ = 0.99; Atlantic silverside: y = 1.160e*%% p < 0.0001, 2 =
0.99) (Fig. 3c). Bluefish handling time when feeding on striped bass increased at a
significantly higher rate than when feeding on Atlantic silverside (t = 4.864, p <0.001).
Profitability estimates for striped bass declined linearly with increasing prey
length/predator length ratio (y = 0.3 19-0.513x, p <0.0005, * = 0.91) (Fig. 4a). In
contrast, Atlantic silverside profitability estimates were dome shaped (y = -0.802+5.599x-
6.465x% p < 0.005, * = 0.84) (Fig. 4b). Only slight differences in profitability estimates
were observed between prey species at low values of prey length/predator length ratio
(<0.35), however, at intermediate and high values, Atlantic silverside estimates of
profitability were always greater than estimates for striped bass;

Bluefish shifted from swallowing prey fish whole to consumption of pieces of fish
at prey length/predator length ratios between 0.35 and 0.45 when feeding on striped bass,
whereas bluefish foraging mode shifts occurred at length ratios between 0.45 and 0.55
when feeding on Atlantic silverside (F ig. 5a). When bluefish foraging mode was
examined in terms of prey weight/predator weight ratios, shifts were observed at weight
ratios between 0.06 and 0.10 when feeding on striped bass and between 0.08 and 0.10

when feeding on Atlantic silverside (F ig. 5b). When plotted in terms of prey body
depth/predator mouth width ratios, results between prey species were opposite to those
produced using prey length/predator length ratios. Bluefish shifted from whole to partial
prey at depth/mouth width ratios between 0.50 and 0.70 when feeding on striped bass and

between 0.40 and 0.60 when feeding on Atlantic silverside (Fig. 5¢).
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DISCUSSION

The results of our bluefish predation experiments using juvenile striped bass and

Atlantic silversides as prey revealed declining capture probabilities coupled with

present the

te the appr.

increasing handling times as prey fish size increased relative to bluefish size, which are

patterns typical of most studies of predation on fishes (Werner 1974, Miller et al. 1988,

Juanes 1994). Although observed patterns of bluefish capture efficiency and handling

Prey Body Depth/Predator Mouth Width

ement of relative length ratio, each 0.02 or

in pieces as a function of prey length/predator length

g on Atlantic silversides are displayed in the lower panels of
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relationships of young-of-the-year bluefish feeding on juvenile fishes, however, to
determine if patterns can be generalized across prey and predator taxa, susceptibility to
capture needs to be determined empirically for juvenile fishes with representatives from
several prey and predator taxa.

We observed no change in bluefish capture efficiency between first attacks and all
other attacks within a feeding trial when feeding on striped bass and only slight
differences when feeding on Atlantic silversides (Fig. 2). Increased levels of predator
satiation are generally.thought to negatively affect attack rates; however, evidence for
similar effects on predator capture success has not been noted. Heatherly (1993)
observed constant capture probabilities for initial attacks within each feeding trial of
bluefish feeding on spot (Leiostomus xanthurus) for a range of prey length/predator
length ratios, whereas bluefish capture success declined as prey length/predator length
ratio increased when examining all attacks. In our experiment, Atlantic silversides were
slightly easier to catch during inital capture attempts by bluefish, but capture success for
these first attempts still declined as a function of increasing prey length/predator 'length ,
ratio. Based on observation of video recorded feeding trials, Atlantic silversides appeared

to respond more slowly to predator presence relative to striped bass and did not usually

demonstrate evasive behavior when intially exposed to bluefish predators, although visual

detection of bluefish was ensured prior to exposure through the use of a fransparent

cylinder. Therefore, we speculate that slightly higher initial success rates by bluefish

were a function of prey behavior rather than predator satiation levels. |
Bluefish handling time increased exponentially with increasing prey

length/predator length ratio when feeding on each prey species (Fig. 3a and 3¢). These
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results are consistent with previous studies in demonstrating the link between relative

prey body size and the time needed to manipulate and ingest it (Werner 1974, Mittelbach

1981, 1984, Stein et al. 1984, Juanes and Conover 1994a, Hirvonen and Ranta 1996). We
did, however, observe significant differences in the slopes of the handling time curves
between prey species, with striped bass handling time accelerating at a faster rate relative
to Atlantic silversides. Largemouth bass (Micropterus salmoides) handliﬁg time was
found to vary for six prey types with contrasting morphologies (Hoyle and Keast 1987).
Among fish prey, Hoyle and Keast (1987) observed the fastest rate of increase in handling
time for prey with the greatest body depth relative to length, which concurs with our
findings. The handling time necessary to ingest the first piece of a severed prey fish was
not, however, related to prey length/predator length ratio for either prey species. Similar
handling times for pieces of prey fish of different species across a range of prey
length/predator length ratios suggests that the size of the first piece severed was fairly
constant for all instances of partial prey consumption. --

Recent work directed at predicting predator diet using optimal foraging théory
suggests that even subtle differences in prey behavior and morphology can dramatically
affect foraging relationships (Werner and Gilliam 1984, Sih and Moore 1990). For
example, Wahl and Stein (1989) found different levels of vulnerability to predation for
three ecocids stocked in reservoirs. The availability of prey with disparate levels of
vulnerability to predation may have important effects on predator foraging success and
prey survival. We found differences between striped bass and Atlantic silversides in
estimates of prey profitability (Fig. 4). Although striped bass ptovided greater benefits in

terms of prey mass ingested relative to Atlantic silversides of the same length, they also
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induced a much greater cost in terms of lower capture efficiency and faster rates of
increase in handling time. The importance of capture success in determining piscivore
diet has been noted by recent authors (Breck 1993, Juanes 1994, Juanes and Conover
1994a). However, predator handling time has been proposed to be of comparatively less
importance to piscivores, relative to planktivorous fishes because absolute numbers of
prey consumed per unit time are normally less for piscivores (Eggers 1977, Breck 1993,
Wanzenbdck 1995). This generalization may not apply to schooling piscivores such és
bluefish, which typically attack schools of prey fishes, often consuxﬁing large numbers of
prey in short time periods (Major 1978). Our results indicate that prey specific
differences in predator handling time, when coupled with differences in capture success,
may have a substantial influence on prey profitabilities and hence, predator diet.

Prey profitability estimates generated for Atlantic silversides in this study were
dome shaped with intermediate prey length/predator length ratios being most profitable to
bluefish (Fig. 4b). This result contrasts with that of Juanes and Conover (1994a) who
observed increases in prey profitability for Atlantic silversides with increasing prey size
regardless of blueﬁsh size. In their experiment, bluefish and Atlantic silversides were
separated into three groups of broad size range prior to feeding trials (:.¢., small, medium,
and large) (Juanes and Conover 1994a). Therefore, their results were obtained for
discrete pairings of predator and prey size groups, rather than for a continuous range of
prey length/predator length ratio, as obtained here. Because of the nature of the
experimental design, Atlantic silverside profitability estimates obtained by Juanes and
Conover (1994a) may not represent the upper end of the prey length/predator length

information presented here, thus accounting for the observed differences.
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In a review of foraging behavior for animal taxa, Helfman (1990) emphasized the
need for information on foraging mode selection and switching and the incorporation of
generalities regarding the use of différent feeding modes into theoretical foraging models.
Evidence has been presented indicating that feeding mode shifts generally may be
dependent on the relative profitability of each feeding mode in terms of net energy intake
(Crowder 1985, Helfman and Winkelman 1991), with shifts in modes used to handle and
manipulate prey being linked to the relative sizes of prey and predator (Helfman and |
Clark 1986, Miller 1989, Scharf et al. in press). However, specific attributes of prey size
that lead to shifts in handling mode are still in question. Bluefish shifted from whole to
partial prey consumption at larger ratios of prey length/predator length when feeding on
Atlantic silversides than when feeding on striped bass (Fig. 6a), whereas shifts occurred
at relatively larger ratios of prey body depth/predator mouth width when feeding on
striped bass (Fig. 6¢). Shifts occurred at approximately equal ratiqs of prey
weight/predator weight for each prey species (Fig. 6b). For a given length, striped bass

are deeper bodied relative to Atlantic silversides, whereas for a given body depth,
Atlantic silversides are much longer than striped bass. Therefore, for a given size
bluefish, shifts in handling mode may not be determined solely from prey length as
suggested by Scharf et al. (in press), but moreso by an interplay between prey length and
prey body depth.

These results may, however, be obscured by the considerable spinous fin rays of

striped bass as the presence of spihes has been shown to affect predator foraging success

(Hoogland et al. 1957, Moody et al. 1983). Moreover, the location of bluefish severing

often coincided with the position of the largest dorsal spine of striped bass. Our
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perception that the spines of striped bass may have clouded the relationship between
handling mode shifts and the relative length of prey and predator is further supported by
the consistent handling times for the initial piece ingested from a severed striped bass,
regardless of prey length/predator length ratio, suggesting severed pieces are of equal
length (Fig. 3b). The use of prey with different body depth-length relationships both with
and without the presence of spines may more clearly identify the morphological traits of
prey leading to shifts in predator handling mode.

Attempts have beeﬁ made to identify the determinants of various shifts in foraging
modes of animals (Helfman 1990). However, the effects of shifts in predétor foraging
mode on the dynamics of both prey and predator populations has received little aﬁention.
Scharf et al. (in press) suggest that the ability of bluefish to sever large prey fishes may
provide a means to effectively reduce gape width limitations and allow them to increase
their maximum prey size. The ability of bluefish to consume larger prey fishes through
shifts in handling mode may subsequently increase the diversity of prey fishes susceptible
to bluefish predation with potential implications for community structure. Because of the
widespread existence of foraging mode shifts in fishes (Dill 1983, Helfman 1994), the
implications they present are most likely important in terms of foraging models and
population-level interactions and should be the focus of more directed research efforts.

Important advances have been made towards the understanding of silze-structured
species interactions and their role in population level processes and community dynamics
(Werner and Gilliam 1984, Ebenman and Persson 1988, Stein et al. 1988). With the
advent of individual-based modelling techniques, our ability to incorporate explicitly

specific information on size-based interactions into foraging models has increased
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significantly (DeAngelis and Gross 1992, Van Winkle et al. 1993, Cowan et al. 1996).

However, the modelling of complex species interactions requires extensive size-specific
2

" data. Individual-based approaches presented in Adams and DeAngelis (1987) and

Madenjian et al. (1991) each used threshold ratios of prey size/predator size to determine
capture of juvenile fishes given an encounter with a piscivore, with models often being
extremely sensitive to variation in this parameter (Adams and DeAngelis 1987). Our
results indicate that juvenile prey fish capture and prey profitability are best represented
as continuous functions of 'prey length/predator length ratio and incorporation into models

of this type of information may lead to more accurate predictions of size-based

interactions.

Recently, the generally accepted paradigm for fish larvae that large individuals are
usually less susceptible to predation and have a higher chance of survival has come into
question because certain instances have shown larger larvae to have: 'higher vulnerabilities
to predation relative to smaller individuals (Litvak and Leggett 1992, Pepin et al. 1992,
Bertram 1996, Cowan et al. 1996). Cowan et al. (1996) propose that differences in
predator attributes may influence larval survival moreso than relative prey size. For
juvenile prey fishes, our results indicate that differences in prey morphology and behavior
can strongly affect predator success rates and hence, prey vulnerability over a range of
relative fish sizes. Although we have not included ‘;he effects of prey type and size on
predator encounter probability in our estimates of prey profitability, the relationships are
strikingly different between prey species. However, predicting the outcome of size-
structured interactions between bluefish and prey populations would require estimation of

prey species and size specific encounter rate parameters for a given system through
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further experiments (i.e., Rice et al. 1993) or the use of previous field-based results as
mode] outcomes (Adams and DeAngelis 1987).

The unique life history strategy of bluefish allows them to accelerate the onset of
piscivory by timing their estuarine entry with the appearance of appropriate sized prey
fishes, thus resulting in extremely high growth rates during the juvenile stage (Juanes et
al. 1994, Juanes and Conover 1995). This study indicates that prey specific differences in
morphology and behavior may have important implications for the size structure and

survival of both bluefish and their prey.
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