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Abstract. The form of the predation pressure experienced by larval stages of marine invertebrates is
largely unknown. However, it is believed that the type, timing and rate of larval predation are criti-
cal in determining recruitment to adult populations. In this study, a time- and depth-dependent model
of the growth and behavior of larvae of the Eastern oyster, Crassostrea virginica, was used to investi-
gate the effects of different forms of size- and depth-dependent predation on larval survivorship. The
simulated larval survival for a cohort experiencing size-dependent predation showed that the great-
est percent of the cohort survived to competent settlement size when the predation pressure
decreased with increasing larval size. Additional simulations that included different types of depth-
dependent predation showed that the interaction between vertical larval migration behavior and
predation determined the percent of the cohort that survived to settlement size. The simulated distri-
butions show that a higher percent of larvae survive when the predation pressure is concentrated in
the surface waters. A lower percent of larvae survive to competent settlement size when the preda-
tion pressure is concentrated near the bottom. The different forms of size- and depth-dependent pred-
ation result in variations in the number of larvae present in the water column during each larval
development stage. Thus, different forms of predation impact the number of larvae available for dis-
persal throughout the marine environment. These results have important implications concerning the
exchange of genetic material between populations.

Introduction

The mortality of marine planktotrophic larvae is recognized as a dominant
process in structuring planktonic assemblages (e.g. Landry, 1976) and in deter-
mining recruitment to marine benthic populations (e.g. Coe, 1953; Yoshioka,
1982). Predation is a major process by which larvae are lost. Understanding larval
mortality is an integral part of what has become known as recruitment limitation,
in which patterns of population abundance in a given system vary as a function
of the number of successful larval recruits, rather than being determined by post-
settlement processes such as competition for resources (e.g. Peterson and
Summerson, 1992).

Much effort has gone into the study of the density-dependent and density-inde-
pendent factors that affect larval mortality. Field studies have indicated the
importance of climate and prevailing ocean circulation in determining larval
recruitment (e.g. Gaines et al., 1985; Doherty and Fowler, 1994), whereas other
studies (e.g. Yoshioka, 1982) have indicated that larval loss due to predation is
important in the regulation of populations. Moreover, Verity and Smetacek
(1996) argue that predation (top-down) effects are as important as resource-
driven (bottom-up) factors in determining the structure and function of marine
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pelagic ecosystems. As these studies show, the control of marine populations by
density-independent versus density-dependent factors is to a large extent deter-
mined by the space and time scales over which the observations are made.

Numerical modeling provides an approach for investigating the competing
environmental and biological effects of variable predation on the survivorship of
marine larvae. However, in most models constructed for marine systems [see
Hofmann and Lascara (1997) for a review], mortality is often the closure term for
the model and specification of this term is difficult because of the unknown nature
of predation. Moreover, the form of this term can greatly influence the time
development of the simulated distributions (Landry, 1976; Steele, 1976; Peterson
and Wroblewski, 1984; Steele and Henderson, 1992). Minor changes in the form
of the predation term can lead to totally different model outputs, even when all
other aspects of the model are held constant (Peterson and Wroblewski, 1984;
Steele and Henderson, 1992). Thus, these studies show the importance of cor-
rectly specifying predation in models designed to investigate processes structur-
ing planktonic populations.

The objectives of this study are to investigate the effect of size- and depth-
dependent predation on larval survivorship using a time- and depth-dependent,
size-structured model developed for the larvae of the Eastern oyster, Crassostrea
virginica. This model includes environmental effects on larval growth and verti-
cal migration behavior (Dekshenieks et al., 1993, 1996). Although this study is
focused on larvae of a specific species, the results are relevant to any species that
includes a planktonic life form. The oyster larval model is described in the next
section. This is followed by a series of simulations that were designed to illustrate
the effects of different patterns of predation on larval survival. The final sections
present a discussion of the results and conclusions of the study.

Model
The governing equation
The vertical (z) and time (r) dependent distribution of oyster larvae of a given

size, L,, is assumed to be governed by:
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The first term on the left side of equation (1) represents the time rate of change
of the number of larvae in a particular size class, i. The second term represents
the effect of vertical advection on larval distribution, where Wy is a summation
of the vertical advective (W,) and larval migration (W,,;) velocities. The third term
represents the effect of vertical diffusion on larval distribution, where K, repre-
sents the rate of vertical diffusion. The first two terms on the right side of equa-
tion (1) represent larval growth. The number of larvae of a particular size changes
by growth of new individuals from the previous size (L;_;) and the loss of indi-
viduals to the next largest size (L;, {). The coefficients «; and B; represent the
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rates at which these transfers occur. The final term on the right side of equation
(1), v,L,, represents the loss of larvae to predation.

The formulations used to describe larval growth and behavior are described
briefly in the following sections. Detailed descriptions of the larval growth and
migration behavior models are found in Dekshenieks er al. (1993) and Dekshen-
ieks et al. (1996), respectively.

Larval growth

The larval growth model determines the rate of transfer (o; and B,) between size
classes. This model was verified with observed larval growth rates (Dekshenieks
et al., 1993). A summary of the larval growth model is given in Table L.

Larval migration behavior

Swimming speeds of bivalve veliger larvae are slow relative to horizontal current
velocities; thus, these larvae are usually regarded as passive particles in the hori-
zontal plane (Mann, 1986). Vertical current velocities, however, are slow relative
to the alternating swimming and sinking behavior of these larvae. Thus, these
larvae can undergo directed motion in the vertical. As oyster larvae grow, their
upward swimming speeds increase. However, as they increase in mass and
density, their sinking velocities simultaneously increase (Galtsoff, 1964). This

Table L. Summary of the oyster larval growth and development model given in Dekshenieks ef al.
(1993). The governing equation is:

d
d—f = growth (food, size) X ts factor X turbe f

The terms in the governing equations are defined and the characteristics of each are given. Data
sources on which the parameterizations for the larval growth process are based are given. The figure
in Dekshenieks ef al. (1993) that shows the relationships used in the larval growth model 1s indicated
for each term

Term Definitions and characteristics Data sources Figure no.
das Time rate of change of larval size (§) Dekshenieks et al.
dr expressed in pm (1993) 9
growth Low growth rates at low food for all sizes, Rhodes and Landers 2
(food, size) ~maximum growth occurs at 3.0 mg AFDW [} (1973)
for larvae 105-135 um
ts factor Low growth at low temperatures and Davis (1958) 3
salinities, increased growth with increased Davis and Calabrese
temperature, increased growth at salinities (1964)
of 17.5-25 p.p.t.
turbe f *Turbidity effect which is defined as:
turbef = m turb + ¢ (for turbidity < 0.1 g I-") Davis (1960) 4
turbef = be-Blurb - ustd) (for turbidity > 0.1 gI-'')  Huntington and Miller
(1989)

*Where rurb is the ambient turbidity level (g I"'), m and ¢ are (0.542)/(g dry wt ') and 1.0, respec-
tively, and b, B and turb@ are 0.375, 0.5 (g dry wt I-')-! and 2.0 g dry wt I}, respectively. Two changes
from Dekshenieks er al. (1993, 1996) should be noted: (i) the percentages in m, c and b are fractional
forms; (ii) in the second equation for turbe f, B is negative.
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