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Size-dependent vulnerability of marine fish larvae to predation:
an individual-based numerical experiment

James H. Cowan, Jr, Edward D. Houde, and
Kenneth A. Rose

Cowan, J. H., Jr, Houde, E. D., and Rose, K. A. 1996. Size-dependent vulnerability of
marine fish larvae to predation: an individual-based numerical experiment. – ICES J.
mar. Sci., 53: 23–37.

Twenty-day simulations of responses by a larval fish cohort were investigated with an
individual-based model of predation by ctenophore, medusa, and planktivorous fish
predators. Results indicate that the relationship between larval size and vulnerability
to predation was generally dome-shaped for invertebrate predators and could be
dome-shaped for fish predators if they foraged optimally by size, and depended upon
attributes of both predators and larval fish prey. For the predators that did not forage
optimally, cohort-specific mortality generally decreased as the mean length of larvae in
a cohort increased, but bigger or faster-growing larvae within a cohort were not always
most likely to survive. Until larvae grew through a ‘‘window’’ of vulnerability and
reached a threshold length when susceptibility to the predators decreased more rapidly
with larval length than encounter rate increased, mean length or growth rate of
surviving larvae on each day was slightly lower, or not different from those that died
in most of the simulations. After the threshold length was reached, predators began to
catch smaller larvae, which resulted in larger survivors. The time necessary to grow
through the window and reach the threshold length depended on growth rate of the
larvae, size of the predators, and the variance structure of these parameters. These
results indicate that size and growth rate of fish larvae are partially decoupled by the
predation process and, ultimately, act differentially to determine cohort survival rate,
although both may be most important after larvae have reached the threshold length.
In these simulations, the threshold length was reached after a significant portion
(56–99%) of total larval mortality had occurred; time to reach the threshold was
generally shorter for the faster growing cohorts. Initially, both fast- and slow-growing
individuals within a larval cohort differed little in size and, therefore, were nearly
equally vulnerable to predation. However, reduced risk of predation occurred when all
members of a cohort had reached the threshold length, which suggests that mean
growth rate of individuals within a cohort, not their size, is probably the more
important parameter affecting cumulative mortality, especially when the rate is high.
We propose that characteristics of larval survivors may be more influenced by
attributes of the predators to which they were exposed in early life, rather than by their
initial status within a cohort with respect to length at hatching and potential growth
rate.
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Introduction

Fluctuations in abundances of fish stocks occur because
of variability in the level of recruitment, which is largely
attributable to variable mortalities of early life stages

(Cushing, 1975; Sissenwine, 1984; Houde, 1987). With
the exception of catastrophic environmental events, fac-
tors affecting the survival of larval and juvenile fish are
believed to be related by what Cushing (1975) called the
‘‘single process’’, which infers that as the length of time
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that larvae spend in a stage vulnerable to high mortality
increases, the time over which the mortality operates
also increases, thereby increasing cumulative mortality
(Dahlberg, 1979; McGurk, 1986; Houde, 1987). More-
over, it is clear that small changes in larval growth and
mortality rates can generate order of magnitude or
greater differences in annual recruitments (Shepherd and
Cushing, 1980; Houde, 1987, 1989; Davis et al., 1991)
and that relationships among larval size, growth rate,
and behavioral processes such as foraging and predator
avoidance are critical in determining survival (Bailey
and Houde, 1989). Although causes of in situ mortality
are rarely known explicitly (Sissenwine, 1984; Houde,
1987), factors that control predation rates can ultimately
affect recruitment success. Although data are scarce,
a generally accepted paradigm and intuition imply that
large individuals are usually less susceptible to preda-
tion or other sources of mortality and thus more likely
to survive (Peterson and Wroblewski, 1984; McGurk,
1986; Anderson, 1988; Miller et al., 1988; Pepin,
1989a,b, 1991; Cowan and Houde, 1992; Rice et al.,
1993).
Predation is a major cause of high and variable

mortality of egg and larval stages in marine fish (Hunter,
1984; McGurk, 1986; Bailey and Houde, 1989; Heath,
1992; Cowan and Houde, 1993). The role of predators
and their potential to influence fish recruitment through
mortality of larvae has been well demonstrated in large
enclosure (mesocosm) experiments in which fish eggs
and larvae, their predators, and alternative prey for
predators are stocked at abundance levels near those in
the sea (Øiestad, 1985, 1988; deLafontaine and Leggett,
1987, 1988; Gamble and Fuiman, 1987; Fuiman and
Gamble, 1988; Fuiman, 1989; Gamble and Hay, 1989;
Cowan and Houde, 1992). Recently, Cowan and Houde
(1993) combined results from mesocosm experiments
with field data on the abundance and distribution of
fish and gelatinous zooplankton to estimate probable
predation in Chesapeake Bay, USA, with good agree-
ment between estimated in situ predation potential (20–
40% d"1) and larval anchovy Anchoa mitchilli mortality
rates (0.29–0.32 d"1; Loos and Perry, 1991; Houde,
unpubl.).
Between-predator differences in consumption of

ichthyoplankton may be related to variability in
encounter rates with prey, probability of attack, capture
efficiency, predator size, prey size and abundance, and
presence of alternative prey for predators. Conse-
quently, species-specific characteristics of predators
and prey, as well as environmental conditions in which
they occur (deLafontaine and Leggett, 1988), define the
predation process at each location. Some enclosure
experiments have indicated that the size-dependent
predation paradigm occurs; cohort-specific mortality
rate generally decreases as the mean age or size of
members of the cohort increases. Recent results and

conceptual arguments, however, suggest that the process
is more complex because, under some circumstances,
larger or faster growing larvae within a cohort are more
vulnerable to predators than smaller larvae (Fuiman,
1989; Pepin et al., 1992; Litvak and Leggett, 1992;
Cowan and Houde, 1992).
Cowan and Houde (1992) used results of experiments

in 3.2 m3 mesocosms that enclosed predatory cteno-
phores Mnemiopsis leidyi, scyphomedusae Chrysaora
quinquecirrha, and planktivorous fish Anchoa mitchilli
preying upon pelagic bay anchovy (A. mitchilli) eggs and
naked goby Gobiosoma bosc larvae (Cowan and Houde,
1990, 1992, 1993) to empirically derive parameter esti-
mates in a predator–prey encounter model (Gerritsen
and Strickler, 1977; Bailey and Batty, 1983; Fuiman
and Gamble, 1989), with good agreement between
mesocosm and model results. In Chesapeake Bay, these
predators are abundant, co-occur and are major con-
sumers of fish eggs and larvae, but they differ greatly
in morphological and behavioral attributes, e.g. size,
swimming speed, search pattern, all of which are
known to affect predation potential. Experimental and
modelling results (Cowan and Houde, 1992) indicated
that while susceptibility to predation declines with
larval size, individual vulnerability is a trade-off (as
described by Fuiman, 1989; Fuiman and Gamble,
1989) between increasing encounter rate and decreasing
susceptibility as size increases, especially if larval
swimming speed is high relative to that of the
predator. Cowan and Houde (1992) hypothesized that
the ‘‘general’’ relationship of decreasing vulnerability
to predation with increasing larval size may be incor-
rect or, at least, may vary significantly with predator
type.
In this paper, we apply the estimates of static model

parameters of Cowan and Houde (1992) in a stochastic,
individual-based model (IBM) to describe general
properties of a larval cohort’s vulnerability to the cteno-
phore (small, slow swimming, cruising stealth inverte-
brate), medusa (larger, tentacled, cruising invertebrate)
and planktivorous fish (raptorial fish) predators. The
potentials of the predators are compared with respect to
predator size and the length, growth rate, and variability
in growth rate of individual larval prey within a single
cohort. Formulations in the predation IBM are based,
to the extent possible, on empirical data and observa-
tions from laboratory or mesocosm experiments of
predation on bay anchovy and/or naked goby early life
stages (Cowan and Houde, 1990, 1992, 1993; Cowan
et al., 1992). In some cases, however, when data for bay
anchovy eggs or naked goby larvae were not available,
general relationships observed for other larvae were
substituted and modified before the IBM was tuned to
generate results that closely resembled the outcome of
our mesocosm experiments (Cowan and Houde, 1990,
1992, 1993).
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Methods

Model description

The individual-based model tracks the daily growth and
survival of individual members of a larval cohort over
20 d as they are exposed to predation by individual
ctenophore, medusa, or planktivorous fish predators, as
well as the three predator types combined. On the first
day of a simulation, each larval fish was randomly
assigned an initial length (LL, mm) and growth rate (GL,
mm d"1) and each individual predator was assigned an
initial length (LP, mm) from normal distributions with
specified means, standard deviations, and minimum and
maximum values. Minimum and maximum values were
specified to eliminate unrealistic random deviates from
the distributions of length and growth rates and to
simulate the two- to three-fold variation in growth rates
observed within cohorts in large enclosures stocked at
near natural densities of larvae and zooplankton prey
(Cowan and Houde, 1990; Secor and Dean, 1992;
Folkvord et al., 1994). Larvae maintained their assigned
growth rate throughout the simulation.
On each day of the simulation, the length of each

larva was incremented by its assigned growth rate and
then evaluated to determine whether it had encountered
and been captured by a predator. The probability of
attack by predators was assumed to be unaffected by the
presence of alternative zooplankton prey nor did the
predators become satiated when feeding on the ichthyo-
plankton (Cowan and Houde, 1992, 1993). Encounter
rate was determined using the Gerritsen-Strickler formu-
lation (Gerritsen and Strickler, 1977) modified to
account for the non-negligible size of fish larvae prey
(Bailey and Batty, 1983). Both encounter and capture
were treated as stochastic processes. The mean number
of encounters in a day (E) between the ith larva and the
jth individual predator was computed by:

where: C=foraging rate (mm s"1); RP=encounter
radius of the predator (mm); RL=encounter radius of
the larva (mm); DP=distance swum in a day by the
predator (mm); DL=distance swum in a day by the larva
prey (mm); and, V=modelled volume (l).
E is the mean number of times in a day that the

encounter volume of the larva enters the encounter
volume of the predator. Equation (1) was derived under
the following assumptions: (1) predators and prey are
randomly distributed in the small volume modelled; (2)

swimming by predators and prey is random in direction;
(3) encounter volume of the predator is a cylinder with
its base having a radius equal to the encounter radius of
the predator and its height equal to the distance swum
by the predator in a day; (4) encounter volume of a larva
is a sphere with radius equal to its encounter radius; and,
(5) the planktivorous fish does not search for prey below
its body, i.e. its encounter volume is a half-cylinder
(Rosenthal and Hempel, 1970; Fuiman and Gamble,
1989). The actual number of encounters was generated
for each larva and predator from a Possion distribution
with mean=E. Finally, the number of encounters that
resulted in a successful capture of a larva was deter-
mined from a binomial distribution with the actual
number of encounters used as the number of trials and
the empirically-determined larval susceptibility as the
probability of capture success. For each larva, this
process was repeated for each of the individual preda-
tors. If an encounter between a larva and predator
resulted in a capture, the larva was ‘‘eaten’’ and was
removed from the cohort. Lengths of surviving larvae
were updated for the next day based upon their assigned
growth rates. Daily accounting of numbers, lengths, and
growth rates of surviving larvae and those that died were
repeated for 20 d.

Encounter model parameters

Encounter radius for the gelatinous predators (RP) was
the radius of the bell (scyphomedusa) or the radius of
the whole cylindrical body (ctenophore). Encounter
radius of a fish larva (RL) is given as 2L/ð

2 where L is
length of the larva in mm (Bailey and Batty, 1983) and
the distance swum (DL) by a larva in a day is 1.5 LL
46 800 s. DL (mm) is based on an assumed larval
swimming speed of 1.5 body lengths s"1 (Blaxter, 1986)
for 13 of 24 h d"1, including rest periods; larvae were
assumed to be motionless at night (Cowan, unpubl.).
Search velocities and distances swum by the predators

were estimated from measurements in the laboratory
and from determinations (24-h experiments in 3.2 m3

mesocosm enclosures) of clearance rates (1 d"1 preda-
tor"1) of fish eggs by each of the predator types of
known size, assuming that immobile fish eggs had a
capture probability of 1.0 (Table 1). To estimate larval
susceptibility (here is a realized capture probability and
includes an unknown probability of attack (Pa) plus
predator error), predators were allowed to feed in the
24-h mesocosm experiments on goby larvae ranging
from 2 to ¡10 mm total length. Because the mean
number of larvae consumed by each predator type in
each 1 mm larval length class was known, susceptibility
by our definition was the ratio of the number of larvae
eaten in each size class to the number of probable
encounters between predators and larvae in the length
class (Table 1).
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Simulations

The initial number (NL, 5000 larvae) and lengths of fish
larvae, individual predators (NP, 600 ctenophores, 50
scyphomedusae, 10 planktivorous fish), and the volume
of the modelled system (V, 200 m3) were defined to
provide densities and size distributions of larvae and
predators that are typical for Chesapeake Bay (Dovel,
1971; Brownlee and Jacobs, 1987; Dalton, 1987;
Horwitz, 1987; Olson, 1987), and to yield sufficient
numbers of surviving larvae at the end of the simulations
to permit a meaningful interpretation.
All model simulations were initiated with a cohort of

fish larvae having identical size distributions, with larvae
ranging in length from 1.8–2.2 mm total length
(Xz =2.0 mm TL). Larval growth rate distributions in
simulations were of three types: (1) slow, mean growth
rate=0.30 mm d"1 and standard deviation (s.d.)=0.20;
(2) fast, mean growth rate=0.50 mm d"1, s.d.=0.20;
and, (3) fast but variable, mean growth rate=0.50 mm
d"1, s.d.=1.0. Predator size distributions in simulations
were specified as small or large individuals (Table 2),
except for the planktivorous fish which had a single size
distribution.

To examine the consequences of changes in larval
growth rate to predation by an optimally-foraging fish
predator, we made probability of attack (Pa) by the
planktivorous fish increase with size of prey. Now the
product of Pa and the slowly declining susceptibility
curve for the planktivorous fish resulted in a suscepti-
bility to the new predator (optimally-foraging fish) that
increased until larvae became difficult for the predator to
capture (Table 1), and decreased to 0 when larvae
approached the predator’s gape limit (33% of predator
length, this gape limit was used in all fish simulations).
We then repeated the fish model runs with the optimally-
foraging predator, keeping all other attributes of the fish
predators (Table 2) and their larval prey (see above) as
in other simulations.
The numerical experiment consisted of a series of

simulations that resulted in all combinations of the
predator-type/prey-size and growth rate attributes. To
illustrate predator effects on characteristics of surviving
and dead larvae, some simulations were defined based
on empirical estimates of predation potential (Cowan
and Houde, 1993) to insure similar mortality rates
(z10% d"1) attributable to each predator over the 20-d
run. For the comparison of survivors, we used 5000
larvae and 225 large ctenophores, or 25 large medusae or
19 optimally-foraging fish. For the comparison of dead
larvae, simulations were run with 5000 larvae and 100
ctenophore, 12 medusa, and 9 fish predators combined.
Simulation results (Table 3) are means of three runs of
the stochastic model. Results of individual runs varied
by less than 10%. Data from representative, individual
runs are presented in Figures 2–9 for illustrative
purposes.

Results
In nearly all of the model simulations, the results
indicated that faster-growing cohorts of larvae had
lower mortality rates than cohorts with slower growth
rates, regardless of predator type (Table 3). Bigger
survivors which had experienced faster growth generally

Table 1. Encounter characteristics and susceptibility equations for each of the predator types used in the individual-based model
simulations (from Cowan and Houde, 1992). LP is the total length of the predator (for ctenophores and planktivorous fish, bell
diameter for medusa) in mm. LL is length of the larval prey in mm. 86 400=seconds per day.

Predator type
Encounter
radius (RP)

Distance
swam (DP)

Realized capture probability
(susceptibility)

Ctenophore 0.5#diameter of cylindrical body 0.025 LP#86 400 s 0.813"0.074 LL

Medusa 0.5#bell diameter (1.2+0.04 LP)#86 400 s
0.505+0.082 LL"

0.020 LL
2+0.0008 LL

3

Planktivorous fish 0.8 LP 3.0 LP#86 400 s
0.180+0.015 LL"

0.003 LL
2+0.0001 LL

3

Optimally-foraging fish 0.8 LP 3.0 LP#86 400 s
0.029+0.040 LL"

0.003 LL
2

Table 2. Attributes of predators in individual-based model
simulations. Medusae sizes are bell diameters, ctenophore
and planktivorous fish sizes are total lengths (s.d.=standard
deviation).

Predators
Min
size

Max
size

Mean
initial s.d.

Ctenophore
Small 7.5 22.5 15.0 5.0
Large 30.0 60.0 45.0 10.0

Medusae
Small 17.5 32.5 25.0 mm dia 5.0
Large 60.0 90.0 75.0 10.0

Planktivorous fish
25.0 45.0 35.0 TL 5.0
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were favored (Figs 2–5). However, the degree of size
selection and resulting cohort survival rate to 20 d,
which increased by a two-fold average when growth rate
of larvae was increased from 0.30 to 0.50 mm d"1,
varied greatly depending on predator types and sizes.
Moreover, effects of growth rate on cohort survival rate
in high and low growth rate simulations increased as
mortality rate increased.

Cruising invertebrate predators

In model runs with invertebrate (gelatinous) predators,
the results indicated only a weak overall predator selec-
tion for prey size that resulted in the consumption of
smaller, slower-growing larvae (Table 3). The mean
length and growth rate of survivors within a cohort
during the first 7–16 d was not substantially different,
and occasionally slightly less, than larvae which were
eaten. Later, larger or faster-growing individuals became
more likely to survive. This occurred when larvae grew
through a length range or ‘‘window’’ of vulnerability to
attain a threshold length after which susceptibility
decreased more rapidly than encounter rate increased
in relation to larval size. Swimming speeds of the
invertebrate predators were slow relative to the larval
prey and changed little in relation to predator size.
Encounter rates between these predators and larvae
changed primarily as a consequence of prey growth and
an increase in their swimming speed. In this circum-

stance, vulnerabilities (the product of, and trade-off

between, susceptibility and encounter probabilities) were
dome-shaped and generally increased until larvae were
5–7 mm TL, before slowly declining. Figure 1 shows
theoretical vulnerability curves for different invertebrate
and fish predator types compared with the observed
vulnerabilities derived from our mesocosm experiments
(Cowan and Houde, 1992) and used in these simula-
tions. The observed vulnerabilities for the gelatinous
predators did not conform strictly to either the ambush
raptorial or cruising invertebrate predators of Bailey
and Houde (1989), which probably represent points
(perhaps endpoints) in a continuum of vulnerability
relationships. Thus, the observed vulnerabilities were
intermediate in the continuum and the predators ex-
hibited attributes of both of the theoretical types. This
result occurred because the ctenophore and medusae are
slow-swimming (relative to their larval prey), cruising
invertebrate predators, and the resulting relationship
between larval size and vulnerability well illustrates the
trade-off described above.
Variability in length of the window of larval vulner-

ability (and the number of days needed to grow through
it), and the consequence of the trade-off between increas-
ing encounter rate and decreasing susceptibility as
larval length increased, are illustrated by comparing
simulations with the two gelatinous predators. When
small ctenophores were predators, small larvae within a
slow-growing cohort were slightly less vulnerable to

Table 3. Summary of 20-d individual-based model simulation results. Lengths and growth rates are means for larval survivors and
those that died on the final day of the simulations. Day of threshold=the day in the simulation that the threshold length was
reached at which susceptibility to the predators decreased more rapidly with larval size than did encounter rate increase. Percentage
mortality before threshold=relative to total mortality. Final length ratio=the ratio of mean size of the larvae that died on the last
day to those that were alive on the last day in the simulations. Data are means of three model runs.

Predator
type

Nominal
mean larval
growth rate
(mm d"1)

(s.d. in parentheses)

20 d
survival
(%)

Day of
threshold

Percentage of
mortality before

threshold

Survivor final
mean length
(growth rate
in mm d"1)

Dead larval final
mean length
(growth rate
in mm d"1)

Final
length
ratio

Small ctenophore 0.30 (0.20)
0.50 (0.20)

38
45

13
10

76
56

8.13 (0.31)
12.57 (0.53)

5.88 (0.20)
7.93 (0.30)

0.73
0.63

Large ctenophore 0.30 (0.20)
0.50 (0.20)
0.50 (1.00)

<01
03
04

15
9
8

99
96
92

7.84 (0.39)
15.34 (0.67)
17.23 (0.76)

6.02 (0.20)
8.15 (0.33)
5.00 (0.11)

0.77
0.53
0.29

Small medusae 0.30 (0.20)
0.50 (0.20)

63
67

16
10

81
59

7.98 (0.30)
12.25 (0.51)

6.29 (0.22)
7.57 (0.28)

0.79
0.62

Large medusae 0.30 (0.20)
0.50 (0.20)
0.50 (1.00)

<01
03
04

10
7
7

92
84
84

10.26 (0.41)
14.29 (0.61)
16.93 (0.75)

9.84 (0.38)
8.72 (0.46)
6.10 (0.24)

0.96
0.61
0.36

Planktivorous fish 0.30 (0.20)
0.50 (0.20)
0.50 (1.00)

07
11
14

12
10
10

88
82
82

8.71 (0.33)
13.66 (0.58)
14.91 (0.66)

7.04 (0.25)
9.73 (0.39)
5.38 (0.16)

0.81
0.71
0.36

Optimally-foraging fish 0.30 (0.20)
0.50 (0.20)

10
09

—
12

—
81

6.86 (0.24)
12.81 (0.54)

7.75 (0.29)
10.05 (0.40)

1.13
0.78

Combined predators 0.30 (0.20)
0.50 (0.20)

05
07

10
8

85
83

8.39 (0.32)
13.56 (0.58)

7.23 (0.26)
9.18 (0.36)

0.87
0.68
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predation for the first 13 days (Fig. 2a), a period in
which 76% of the total larval mortality occurred (Table
3). Because susceptibility to the ctenophore declined
linearly (Table 1), and small ctenophores swam slowly
relative to their larval prey, an increase in mean growth
rate of larvae from 0.30 to 0.50 mm d"1 caused vulner-
ability to decrease more rapidly, especially for the faster-
growing individuals within the cohort. Consequently,
many larvae reached the threshold length at a younger
age (Fig. 2b), after only 56% of the larvae had been
consumed. At the 0.50 mm d"1 growth rate, mean
length of survivors at 20 d was greater, while survival of
the cohort increased by 7% (Table 3).
When larger ctenophores were simulated, mortality

rate of the larval cohort was high because young larvae
were consumed more rapidly due to higher encounter
rates with the faster predators. Consequently, at the
0.30 mm d"1 growth rate, mean length of survivors at

20 d and length differences between survivors and
larvae that were consumed by large ctenophores, were
less than for small ctenophores (Fig. 2c, Final length
ratio in Table 3) because a higher percentage (99%) of
the total mortality occurred before larvae reached the
threshold length. An increase in larval growth rate to
0.50 mm d"1 shortened the window of vulnerability
(Fig. 2d), and resulted in a three-fold increase in survival
of the larval cohort as well as increased size selection (i.e.
larger survivors and smaller Final Length Ratio).
In small medusae simulations when larval growth

rates were slow, the mean lengths and growth rates of
survivors were less than those of larvae that died during
the first 15 d (Fig. 3a). The window of vulnerability
before the threshold was prolonged, and many of the
faster-growing, larger larvae within a cohort were eaten,
a consequence of higher encounter rates with the
small, relatively slow medusae as swimming speeds of
the larval prey increased with growth. The length of
survivors to 20 d was less and the Final length ratio
was greater (i.e. less size selection) than in simulations
when small ctenophores were predators (Table 3).
Increasing the larval mean growth rate to 0.50 mm d"1

(Fig. 3b) produced a result similar to that in simulations
with ctenophore predators, i.e. the period of relatively
high vulnerability of faster-growing larvae was short-
ened and a survival advantage for larvae larger than the
threshold length was more evident. Overall mortality
rates were low when small medusae were predators. The
increase in larval growth rate only increased survival to
20 d by 4%.
When large medusae were predators, mortality rates

of larvae were high and results of the trade-off between
encounter rate and susceptibility were dramatic. The
slow-growing larval cohort experienced increased
encounter rates, a function of the combined swimming
speeds of predators and prey, coupled with slowly
declining susceptibilities of larvae, which prolonged the
period of high vulnerability to predation. Consequently,
both fast- and slow-growing larvae were nearly equally
vulnerable to predation in all 20 d of the simulation
(Fig. 3c). Many individual larvae within the slow-
growing cohort which had higher than average growth
rates were consumed before significant length differences
could be established. Lengths of larval survivors were
almost indistinguishable from those that died each day
throughout the simulation (Table 3, Fig. 3c).
When mean growth rate was increased from 0.30 to

0.50 mm d"1, the cohort of larvae grew more quickly
through the period and length range when susceptibility
to the predator declined little and, as a consequence, the
period of vulnerability of larger larvae was shortened
(Fig. 3d). As a result, less of the total mortality occurred
before larvae reached the threshold length and the
apparent size selection resulting in large survivors
with rapid growth rates was strong (Table 3). In this

Raptorial fishes

Relative larva size

Filter-feeding fishes Planktivorous fish

Cruising invertebrate Medusae

Ambush raptorial invertebrate Ctenophore

R
el

at
iv

e 
sc

al
e

Theoretical
vulnerability

Observed
vulnerability

Figure 1. Vulnerability of fish larvae to different types of
predators. Theoretical relationships are redrawn from Bailey
and Houde (1989). Observed relationships are redrawn from
Cowan and Houde (1992). Arrows indicate the relative size of
maximum larval vulnerability to the predators.

28 J. H. Cowan Jr et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/53/1/23/731547 by guest on 13 M
arch 2024



situation, cohort survival was 3.7 times higher than that
in the slow growth rate simulations.
In model runs with large medusae (Xz =75 mm) in

which larval prey had fast but highly variable growth
rates (Table 3), size selection increased (Fig. 4). Surviv-

ing larvae at 20 d were larger and had higher mean
growth rates, but there was only a small increase in
larval survival rate and no change in the duration of the
period before the threshold length was reached. An
impressive increase in size-selective predation when
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Figure 2. Plots of daily mean lengths of larval survivors (S, .) compared with those that died (d, /) in 20-d individual-based
model simulations employing a ctenophore predator preying on a cohort of fish larvae. Results in (a) and (b) are for small
(Xz =15 mm) and (c) and (d) are for large (Xz =45 mm) ctenophore predators. Note that growth rates (mm d"1) of the larval cohorts
vary between simulations.
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variability in larval growth rate increased was common
to all of the predators (Table 3). When growth rate was
variable, size selection by each predator increased,
despite only small differences in mean survival rates.
Survivors on day 20 were derived from larvae with
growth rates in the upper 25% of the initial distribution
of rates.

Raptorial fish predators

Encounter rates between the planktivorous fish and the
larval prey were determined primarily by the rapid
swimming speeds of the predators (3 body lengths s"1),
making smaller larvae slightly more vulnerable than
larger larvae until larval length approached the preda-
tor’s gape limit (33% of predator length). Thus, the
mean lengths of survivors in the fish predator simula-
tions were never less than those that died. Strong size

selection became evident after 10–12 d (Fig. 5). This
result occurred because the relationship between larval
size and vulnerability derived from the Cowan and
Houde (1992) mesocosm experiments with a fish preda-
tor (Fig. 1), and used in these simulations for the
planktivorous fish, resembled the theoretical relation-
ship given by Bailey and Houde (1989) for a filter-
feeding predator which does not select based on size of
its prey.
Size-selective predation by the planktivorous fish was

less evident for the slower-growing cohort because
encounter rate between the predators and prey varied
little as a function of the prey’s swimming speeds and
susceptibility declined slowly with larval length (Fig. 5).
An increase in larval growth rate from 0.30 to 0.50 mm
d"1 caused significant increases in size selection (Fig.
5b), survival, and mean length of survivors on day 20
(Table 3). An increase in growth rate variability of larval
prey increased size selection by the fish predator and, in
contrast to results for the gelatinous predators, substan-
tially increased (by 1.3-fold) the survival rate of the
larval cohort.
The simulations with an optimally-foraging fish

(similar to the raptorial fish of Bailey and Houde, 1989;
see our Fig. 1) preying on a slow-growing (0.30 mm
d"1) cohort caused slightly but consistently higher
consumption rates of larger larvae over the 20-d period
(Fig. 6a). Under this circumstance, cohort survival was
increased substantially over the simulation of slow-
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growing larvae without optimal foraging because larvae
were less vulnerable to the predator when they were
small. Moreover, under the optimal foraging alternative,
mean length of survivors on day 20 was lowest of all the
simulations in our numerical experiment (Table 3).
When growth rate of the larval cohort was increased to
0.50 mm d"1, results of simulations with the optimally-
foraging predator resembled those for fish predators
without optimal foraging (Fig. 6b), i.e. stronger size
selection became evident on day 12, after which larger
survivors were favored. This simulation also produced
an unexpected result of decreased survival of the cohort
(Table 3). The outcome occurred because faster-growing
larvae were selected during the first 10 d (Fig. 7) as these
larvae, while still abundant, quickly grew into lengths
that made them preferable to the predator. After day 10,
relatively few larvae in the faster-growing cohort were
consumed by the optimally-foraging fish as the larvae
quickly became less susceptible to the predator.

Characteristics of survivors and dead larvae

To demonstrate the potential for predator type to deter-
mine characteristics of dead larvae, we exposed a cohort
at the 0.50 mm d"1 growth rate to a simulated predator
field comprised of large ctenophores, large medusae and
optimally-foraging fish at densities such that each
accounted for a similar fraction of the total larval

mortality (z5% predator"1 d"1). In these simulations,
the threshold length was reached early (day 8) after 83%
of total larval mortality had occurred (Table 3). Cumu-
lative percent-frequency of lengths of larvae consumed
by the three predators differed (Fig. 8). Larvae which
had encountered and were eaten by optimally-foraging
fish had experienced a larger window of vulnerability
and were larger than those eaten by the medusa,
which generally were larger than those eaten by the
ctenophore, although larvae consumed by the cteno-
phore were slightly larger than those eaten by the
medusae when larvae were small. Thus, larvae that
survived to 20 d had faced a variety of predation pres-
sures, growing less vulnerable to one predator while
growing more vulnerable to another. In addition, under
the circumstance of fast larval growth, predation rate by
gelatinous predators was reduced while predation rate
by optimally-foraging fish was simultaneously increased.
Despite this complexity, survival rate of the cohort still
increased by 1.7-fold when growth rate was increased
from 0.30 to 0.50 mm d"1 (Table 3).
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To illustrate the potential for predator type to affect
characteristics of larval survivors, we exposed a cohort
growing at the 0.50 mm d"1 rate to large ctenophores,
large medusae or optimally-foraging fish singly, but each
at densities necessary to produce z10% predator"1

d"1 larval mortality. In these simulations, differences in
length distributions of survivors that developed over
time (Fig. 9) reflect previously mentioned differences in
length of windows of vulnerability (Fig. 8) to, and
morphological and behavioral attributes of (Tables 1
and 2), individual predator types because all cohorts of
larvae were initially identical.
All but the slowest-growing larvae in the cohort grew

quickly through the window of vulnerability to the
slow-swimming ctenophore, which resulted in large sur-
vivors (Xz =14.54&3.04 mm, s2=10.61) with relatively
low length variability on day 20. When large medusae
were predators, many of the potentially fastest-growing
larvae were consumed while still small due to increased
encounters during a prolonged window of vulnerability,
resulting in smaller (Xz =13.31&3.24 mm, s2=11.09) and
more variable survivors on day 20 (Fig. 9). This trend is
dramatically illustrated by results for the optimally-
foraging predator. Because vulnerability of larvae to this
predator increased rapidly with length until they became
difficult to capture, the largest and fastest-growing
larvae were selectively removed by the predators from
the cohort for much of the simulation, leaving behind
small survivors (Xz =12.08&3.76 mm, s2=14.11) with a
high variability in length on day 20 (Fig. 9).

Discussion
It has been hypothesized that increased larval size
should improve an individual’s probability of survival
because of increased foraging ability (Miller et al., 1988;
MacKenzie et al., 1990) or reduced susceptibility to
predation (Miller et al., 1988; Bailey and Houde, 1989).
Yet, it also has been proposed that the theoretical
relationship between vulnerability to predation and
larval size should be dome-shaped, with highest vulner-
ability at some intermediate size (Fuiman, 1989; Bailey
and Houde, 1989; Pepin et al., 1992). The two arguments
seem contradictory. In attempts to deduce how preda-
tors affect larval fish, several recent studies in mesocosm
enclosures (Fuiman, 1989; Cowan and Houde, 1992;
Litvak and Leggett, 1992; Pepin et al., 1992) have
demonstrated that larger larvae in a cohort may in fact
be more vulnerable to predation for a period during the
first few days after hatching. However, these studies
have usually been limited to single (or a few) predator
types and sizes, and prey lengths, thus making the
generality of the results difficult to infer.
To explore the possible significance of the recent

mesocosm results with respect to potential effects on
recruitment, we have applied an individual-based model

to simulate a variety of predator types consuming
larval fish prey distributed over a wide size range. Our
numerical experiment was realistic, being based on
mesocosm results (Fig. 1). We recognize, however, the
potential for error if some of our parameter estimates, or
assumptions made about predator and prey behaviors
and capabilities, are incorrect. For example, the larval
susceptibility curves that we derived include probability
of capture success, plus an unknown probability of
attack, and predator error, which can be as high as
10–20% for fish predators feeding on larval fish prey
(Fuiman, 1989; Fuiman and Batty, 1994). This is
undoubtedly why our realized capture probabilities
(susceptibilities) are considerably lower than expected,
based on empirical model predictions of capture success
derived from ratios of predator and prey lengths (Pepin
et al., 1987; Miller et al., 1988; Fuiman, 1994). This
is true for our fish predators where realized capture
probabilities were never higher than 20% in our
mesocosm experiments (Cowan and Houde, 1992). We
interpreted this result to mean that fish predators did not
attack every larval fish that they encountered.
In addition, we have represented predator–prey

dynamics in a relatively small modelled volume because
the Gerritsen-Strickler formulation used to generate
numbers of encounters in our mesocosms and, in these
simulations, assumed that predators and prey were
randomly distributed in space. While this assumption
may be true over relatively small spatial scales, larval
fish feeding and mortality rates are dependent on
mesoscale patchiness of prey and predators (McGurk,
1986), the patchy distribution of larvae themselves
(Frank and Leggett, 1985; Houde et al., 1989; Cyr et al.,
1992), and changes in predator behavior upon locating a
patch of prey (Shipley and Spalinger, 1992; Noda et al.,
1994). Consequently, while it is unlikely that our model
results represent between-patch dynamics well, the simu-
lated consequences of variability in composition of
potential predators and larval fish prey within patches
may be realistic.
In most of our simulations, size-dependent predation

was an a priori condition in the model (i.e. larvae
susceptibility decreased with larval length, except to
optimally-foraging fish). However, the simulation results
indicate that effects of length and growth rate of fish
larvae, relative to the predation process, may be most
important when the larvae are larger or older and after a
significant portion (54–99% in these simulations) of the
total larval mortality in a 20-d experiment has occurred.
The outcome was observed because fast- and slow-
growing members of a cohort are initially nearly the
same length and are nearly equally vulnerable to
predation. Within-cohort, selective mortality, as we have
represented it, develops in response to variability in a
larval cohort’s length distribution, which requires time
to develop as a cohort of newly-hatched larvae grows,
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rather than in response to variability in growth rate per
se (Rice et al., 1993).
Stronger size selection by predators on a larval cohort

was indicated when mean growth rates were high and
variable in the face of high predation pressure. Strong
size selection usually was accompanied by a substantial
increase in survival rate. When cohort growth rates
were slow, or predation pressure was less, size-selective
mortality was weaker. However, when variability in
growth rate of the larval prey was increased without a
concomitant increase in mean growth rate, most of our
simulations again indicated strong size selection, but
little change in survival rate of the larval cohort. This
result demonstrates how increased growth rate vari-
ability, in the absence of increased mean cohort growth
rate, can produce strong size-dependent predation at the
individual level without benefits to the population of
increased survival (Beyer, 1989; Pepin, 1989a,b; Rice
et al., 1993).
For the planktivorous fish predator, increased vari-

ability in prey growth rate did result in a lower overall
predation rate. This result is similar to simulation results
of Rice et al. (1993) who reported an increase in the
numbers of larger survivors and a four-fold increase in
survival rate of larval bloater Coregonus hoyi cohorts
being preyed upon by hypothetical 90 mm SL alewife
Alosa pseudoharengus predators when larval growth rate
variability, but not mean growth rate, was increased.
Our susceptibility relationship (Table 1) for the fish
predator is based upon a linear extrapolation extended
for larvae from 10 to 15 mm from data for larvae
¡10 mm, the larger value being the estimated length at
which larvae should become invulnerable to predation
by even the largest predators. If probability of capture
actually declines faster in larvae that are longer than
those we tested in the mesocosm experiments
(z10 mm), as Fuiman (1989) found for herring juveniles
(Clupea harengus) feeding on herring larvae, then the
degree of size selection and increase in cohort survival
may have been affected more dramatically by increases
in both mean growth rate and growth rate variability of
the larval cohort (Rice et al., 1993). On the other hand,
if raptorial fish predators forage optimally or can detect
and preferentially consume the largest individuals of a
young or slower-growing cohort, as indicated by our
simulations and by results of experiments with stickle-
backs Gasterosteus aculeatus feeding on capelinMallotus
villosus larvae (Pepin et al., 1992; Litvak and Leggett,
1992), vulnerability to predation by some fishes may
also be best described by a dome-shaped relationship,
with vulnerability decreasing after an intermediate
maximum as larger larvae become better able to avoid
capture by the predator (Fig. 1, also see Bailey and
Houde, 1989).
Because it is likely that members of most cohorts of

larvae in situ are exposed to predation during early life,

and the mix of predator types and sizes is highly
variable, it seems unlikely that a simple conceptual
model relating prey size to predation vulnerability will
apply. Moreover, vulnerability relationships that appear
to be similar in form, such as those for the gelatinous
predators and optimally-foraging fish, may be mech-
anistically different, and result from a combination of
dissimilar attributes that are unique to predator–prey
combinations. However, our simulation results strongly
suggest that increased mean growth rate of a larval
cohort, in most cases, results in lower cumulative
mortality of the cohort, especially if predators do not
forage optimally and if predation pressure is high. When
data from all simulations of slow-growing cohorts are
considered, the range of daily mean lengths of larval
survivors at 20 d (6.86–10.26 mm) was higher than those
that died (5.88–9.84 mm) but overlapped considerably.
However, when mean growth rate was increased, mean
survival rates of cohorts increased and larval survivors
were considerably larger (12.25–15.34 mm) than those
that died (7.57–10.05 mm). We interpret this to indicate
that reduced cumulative risk of predation at the popu-
lation (cohort) level is reached when the smallest
or slowest-growing members of the cohort become
invulnerable, and that the time necessary for all to grow
through a window of vulnerability and reach the
threshold length depends upon the minimum growth
rate in the cohort. The degree to which this interpre-
tation is general, however, probably depends upon
preferred prey size and the degree to which predators
are able preferentially to consume prey based on size.
Under these circumstances, one adaptive strategy for
increasing survival rate may be the production of
cohorts with highly variable growth rates or potentials,
including, for example, negatively correlated rates
during different periods of early life (Bertram et al.,
1993).
Another complexity for many fish species is the day-

to-day influx of new cohorts of small, abundant larvae
as spawning occurs over a protracted season. Thus, no
single cohort, but rather a distribution of cohorts, is
present at any one time. Under this circumstance, larger,
faster-growing members of a younger cohort may be as
vulnerable to predators that exhibit dome-shaped rela-
tionships between prey size and vulnerability as smaller,
slower-growing members of an older cohort. While a
conceptual model relating prey size to vulnerability
would be complex in this case, our simulation results
indicate that increased mean growth rates of all, or any,
of the larval cohorts present would probably result in
a higher population survival rate, hence recruitment,
especially if predation pressure is high.
This does not imply, however, that survivors from

among a cohort exposed to predation are likely to be
exceptional individuals with respect to size or growth
rate, a notion that has been inferred (Crowder et al.,
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1992), because the ‘‘average’’ fish dies soon after hatch-
ing (Sharp, 1987; Houde, 1987). This ‘‘parsimonious’’
view has placed great emphasis on larval size as a factor
in predation vulnerability, which has lead to an over-
simplification or misinterpretation of the mechanics of
predation. This has resulted in the discussion of connate
ideas such as ‘‘bigger is better’’ and ‘‘stage duration’’ as
conflicting hypotheses (Leggett and DeBlois, 1994). Our
simulation results demonstrate that, while mean growth
rate of members of a cohort probably controls cumula-
tive predation risk, the day-to-day risk of individuals
within the cohort may be more a function of the
predator to which to cohort is exposed than the size of
individuals. Predation pressure that imposes strongly
dome-shaped vulnerabilities will probably result in rela-
tively small survivors with a high variability in length,
because large, and fast-growing individuals within a
cohort are initially more likely to be consumed. As time
passes, larvae of intermediate length become most
vulnerable, which may ultimately result in a bimodal
distribution in lengths of survivors if mortality rates
are high.
In summary, depending upon the combination of

attributes assigned to both predators and larval prey,
evidence for size-selective mortality based on character-
istics of survivors at the end of our numerical ex-
periment was sometimes difficult to find because
encounter rate also was size-dependent but inversely
related to susceptibility. Many of the larvae ‘‘con-
sumed’’ by the predators in these simulations were
encountered and eaten before strong size selection
occurred because fast- and slow-growing larvae within
a cohort are initially similar in size. Variability in the
time necessary to reach the threshold length, if it
occurs, indicates that the nature of the size-dependent
relationship is predictable but specific to predator-
type/prey combinations and depends upon growth rate
and, to a lesser extent, size of the larval prey. In all of
our simulations, survival benefits of larger larval size
were only evident after 7–16 d, suggesting that small
changes in larval size and growth rate may be more
important to the predation process and resulting
cohort survival after larvae are a few days to a few
weeks old (Litvak and Leggett, 1992; Rice et al., 1993),
and after a significant fraction of the total mortality
has occurred. Our results also indicate that knowledge
of variability in growth rate may be as important
as knowledge of changes in mean growth rate, if
inferences are to be made about relative survival
potential between larval cohorts or individuals
within cohorts (Rice et al., 1993). We propose that
characteristics of individual larval survivors may be
more influenced by attributes of the predators to
which they were exposed in early life than by their
initial sizes within the cohort and their potential
growth rate.
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