
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 404: 79–90, 2010
doi: 10.3354/meps08480

Published April 8

INTRODUCTION

Efforts to maintain species abundance and diversity
are ongoing as extinction rates continue to climb
(Regan et al. 2001). The majority of studies have
focused on the extinction of higher trophic levels, pri-
marily as most human-induced extinctions target those
species (e.g. Pimm et al. 1988, Byrnes et al. 2007).
Habitat-forming, intermediate trophic level species
are often overlooked with the loss of a single popula-
tion having potentially dramatic consequences for the
persistence of local and regional populations (Coen et
al. 1999). Appreciable resources to restore and supple-

ment populations of key species have been expended
by many restoration projects; however, identification
of the processes that influence the successful develop-
ment of those populations is often not the priority. The
relationship between restoration goals and the chosen
metrics are often complicated by variable approaches
to data collection and analysis (Walters & Coen 2006)
which rely on correlative approaches to identify pat-
terns rather than determining the mechanism that
underlies them. For example, site and population
selection is typically based on convenience rather than
on selection which considers favourable physical or
biological characteristics. As a result, population suc-
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cess or failure cannot be attributed to a specific mech-
anism. Understanding the mechanisms that drive the
structure and development of populations is therefore
a fundamental goal that remains to be pursued.

In open marine systems, connectivity among popu-
lations reduces the risk of population extinction (den
Boer 1981), strongly influencing population dynamics
and evolution (McQuaid & Phillips 2000, Kritzer & Sale
2004). Many marine species exhibit a complex life cy-
cle which often includes a dispersive planktonic stage
prior to metamorphosis into a bottom-dwelling phase
(Thorson 1950). Hydrodynamic processes are impor-
tant for transport, with larvae utilising currents to dis-
perse over potentially great distances, thus regulating
the supply of larvae to potential settlement sites (Ar-
monies & Hellwigarmonies 1992, Leonard et al. 1998).
Pelagic larvae have a limited swimming ability (e.g.
0.25 cm s–1 for Crassostrea virginica, Mann & Rainer
1990), and in the absence of detailed knowledge of
behaviour, larvae are considered as passive particles,
and water advection and water flux characteristics can
greatly influence recruitment (Judge & Craig 1997,
Leonard et al. 1998, but see Knights et al. 2006). Turbu-
lent mixing or bed shear associated with fast currents
may resuspend dynamic substrates, reduce substrate
contact and reduce settlement success (e.g. Roegner
2000, Bouma et al. 2001, Pernet et al. 2003). Conse-
quently, recruitment within high and low flow regimes
may exhibit markedly different rates of settlement
and confound the interaction between larval supply,
recruitment and post-settlement survivorship (Abbe
1986, Kennedy 1986, Kingsford 1993, Hanski & Sim-
berloff 1997, Underwood & Keough 2001). Therefore,
understanding of the role of flow in settlement success
is critical in population dynamics estimates.

In order for a population to develop, new recruits
must reach a habitat and arrive in sufficient numbers
to dominate interspecific interactions (Underwood &
Keough 2001). The growth and persistence of those
populations are likely dependent on intraspecific inter-
actions; however, these interactions may be strongly
affected by the timing and density of recruitment. For
example, mortality rates may increase and growth
rates decrease in conjunction with increasing recruit
densities. In resource-limited environments (e.g. food
and space), population growth results in fewer
resources for individuals for both growth and repro-
duction (Gotelli 2001) and, consequently, reduced
population growth (dilution or resource concentration
hypothesis; see Iles & Beverton 2000 for review).
Therefore, the availability of resources and the timing
and density of recruitment for a given habitat are likely
drivers of density-dependent processes and are impor-
tant in the development and structure of populations
and population self-regulation. While considered a

ubiquitous process, self-regulation in natural popula-
tions may be subject to temporal changes in both envi-
ronmental conditions and recruit supply (Murdoch &
McCauley 1985). Not only are interactions likely to be
density-dependent among recruits, but also between
recruits and extant adults. Changes in adult density in
existing populations can affect the ‘attractiveness’ of
the habitat. Greater adult densities increase the con-
centration of chemical attractants (Woodin 1976, Rai-
mondi 1988) and the probability of physical contact
between conspecific recruits and previously settled
adults, enhancing settlement (Crisp & Meadows 1962,
Burke 1986, Raimondi 1988) and potentially confound-
ing settlement patterns. It is therefore critical that the
role of intraspecific density-dependent processes
among recruits and local hydrodynamics be assessed
at local scales if predictions of population dynamics
and in-depth studies of patterns and processes are to
be understood at more complex regional scales (Begon
et al. 1990).

Crassostrea virginica is considered a keystone spe-
cies (Jones et al. 1994) on the eastern coast of the
United States and provides foundation ecosystem ser-
vices, such as sediment stabilisation and erosion con-
trol, hard and soft substrate creation for benthic organ-
isms and water quality improvement (Breitburg 1999,
Coen et al. 1999, Lenihan 1999, Newell 2004). The
decline in natural oyster populations has led to a con-
certed effort to maintain and/or restore both intertidal
and subtidal oyster reefs in many Atlantic and Gulf
Coast states. This paper presents the results of a study
to determine the effect of local and regional differ-
ences in recruitment rates on population structure in
intertidal habitats with differing flow regimes. The
study tested (1) whether bimonthly recruitment rates
could be used to predict population structure, (2) if
flow regime affects recruitment success, in addition to
(3) assessing the role of density-independent, and (4)
density-dependent interactions among recruits in
determining the growth, development and structure of
populations.

MATERIALS AND METHODS

Study system. The experiment was conducted at 3
locations in South Carolina, USA: Murrells Inlet
(33° 33’ 37.78” N, 79° 01’ 05.70” W), North Inlet-Winyah
Bay (33° 20’ 50.61” N, 79° 10’ 17.94” W), and Cape Ro-
main (32° 55’ 40.31” N, 79° 38’ 15.12” W) (Fig. 1), which
are separated by 10s of km. All 3 locations are estuar-
ine and situated between the mainland and barrier
islands and include salt marshes, mudflats and exten-
sive native bivalve beds of clams Mercenaria merce-
naria and oysters Crassostrea virginica. Murrells Inlet
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is a commercially developed area, regularly visited by
recreational fishers and boaters. North Inlet is a
National Estuarine Research Reserve Site (NERRS)
encompassing 12 327 acres of tidal marsh and wetland.
Cape Romain is a migratory bird refuge and a Class I
wilderness national wildlife refuge covering 64 000
acres. All 3 areas are accessible by boat only and are
ocean-dominated, comprising both exposed and shel-
tered creeks. Our experiment was conducted on inter-
tidal mudflats within and adjacent to native oyster
beds.

Field methods: oyster recruitment rates. The exper-
iment ran from May to September 2007, incorporating
the peak oyster spawning and recruitment periods
(Michener & Kenny 1991). Two treatments, (1) every
2 wk (biweekly) recruitment and (2) cumulative re-
cruitment, were established and replicated to estimate
recruitment within an oyster bed at 4 sites within each
location to test specific hypotheses. The biweekly
treatment estimated recruitment over a 2 wk period.
The cumulative treatment estimated recruitment over
7 periods of varying length, i.e. 2, 4, 6, 8, 10, 12 or
14 wk. Cumulative treatments estimated the change in
population size in each period in relation to additional
recruitment and provided a proxy for density-
dependent effects of existing population size on subse-
quent recruitment. If the cumulative number of re-
cruits on biweekly tiles (two 2 wk tiles combined)
indicated recruit numbers equivalent on a 4 wk cumu-
lative tile from the same period, recruitment would be
considered a physical (supply) process. Differing num-
bers on cumulative and biweekly tiles would indicate
that other factors also affect recruitment. Therefore,

an exploratory approach was taken
based on a null hypothesis to examine
any potential factors.

Recruitment was estimated using
9 × 9 cm (0.0081 m2) tiles made of
unglazed red clay (Versatile) as a sub-
strate for attachment. At the begin-
ning of the experiment, 24 tiles were
haphazardly placed throughout the
oyster bed, 3 of which were biweekly
treatments and 21 the cumulative
treatment. Each tile was secured to a
60 cm pole of PVC (20 mm diameter)
that was driven into the mud to secure
its position within the bed. Tiles were
attached by a cable tie passing
through a loop of 10 lb monofilament
fishing line glued to the edge of the
tile using SumoTM glue (Loctite).
Every 2 wk for a total of 14 wk, 3
biweekly and 3 cumulative tiles were
randomly collected. Biweekly tiles

were replaced with new tiles which were to be col-
lected on the next visit.

Each recruitment tile was washed through a 63 µm
sieve and all oysters on the tile and from the sieve frac-
tion were counted using a stereo microscope (Olympus
BX10). The total number of recruits per tile was
recorded. Cumulative treatment recruit densities esti-
mated from tiles left in the field for 2, 4, 6, 8, 10, 12 and
14 wk were compared to additive recruit densities
from biweekly settlement, calculated as densities from
each 2 wk biweekly tile added together to correspond
to the equivalent cumulative treatment exposure, e.g.
6 wk cumulative = (Week 0–2) + (Week 2–4) + (Week
4–6) biweekly.

Effect of flow on recruitment. To test the effect of
water flow rates on recruitment, 4 sites within each
location were stratified as one of 2 flow types. Geomor-
phological differences, i.e. main tidal creeks and back
bay tributaries, were initially used to arbitrarily differ-
entiate sites as either high flow (main tidal creeks) or
low flow (back bays) sites. Two high flow and 2 low
flow sites were established at each location. Flow
velocities at each site were not measured directly; a
gypsum dissolution method (Yund et al. 1991, Thomp-
son & Glenn, 1994) was used as an indirect measure of
flow. This low-cost approach has been shown to pro-
vide a crude measure of water velocity, whereby rates
of gypsum dissolution are directly proportional to flow
rate (Yund et al. 1991, Thompson & Glenn, 1994, but
see Porter et al. 2000). Six replicate clods were placed
haphazardly throughout each site and dissolution rates
estimated over 2D. A 1-factor ANOVA was used to
compare gypsum dissolution among all 12 sites and to
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assess the differentiation of low and high flow sites
based on geomorphological differences. Due to small
variations in initial clod mass (0.159 ± 0.05 g), propor-
tional change, rather than absolute values, was used to
compare dissolution rates and showed a significant dif-
ference among sites (Table 1: p < 0.001). Student New-
man-Keuls (SNK) post-hoc test indicated that mean
gypsum dissolution rates at high flow designated sites
were 25% greater (10.09 ± 1.21 g, 10% dissolution)
than at sites characterised as low flow (2.54 ± 0.17 g,
2.5% dissolution) type sites. Weight loss was inter-
preted to be directly proportional to water flow, sug-
gesting that flow rates at high flow sites are 4 times
faster than at low flow sites. Comparison of the mean
proportional dissolution among sites indicated that
sites characterised as low flow sites were not signifi-
cantly different (SNK tests, p = 0.01), and sites charac-
terised as high flow sites were not significantly differ-
ent from each other among locations (SNK tests, p =
0.01). 

Statistical analyses. Analysis of variance (ANOVA)
was used to test for differences in spatial and temporal
recruitment patterns on to biweekly and cumulative
treatments, and the effect of flow on oyster recruitment
over time. A nested-ANOVA with the factors Location
(Murrells Inlet, North Inlet, Cape Romain), Site (Loca-
tion) (4 sites nested within each location), and Time
(7 levels) was used to compare recruitment rates (bi-
weekly treatment) and population size (cumulative
treatment) at small (within site) and large (among loca-
tions) spatial scales over time. Site was nested within
Location as recruitment differences at small spatial
scales were expected, with this approach allowing
partitioning of such variation to allow assessment of
the main effects (i.e. Location and Time). A 2-factor
orthogonal ANOVA was used to test the effects of
Flow (2 levels: high vs. low) and Time (7 levels: 2, 4, 6,
8, 10, 12, 14 wk) on recruitment within biweekly and
cumulative treatments. WinGMAV5 was used for all
ANOVA computations (Underwood & Chapman 1998).
Prior to performing ANOVAs, Cochran’s C-test for
homogeneity of variance was performed. Data were
heterogeneous and log-transformed to remove hetero-
geneity, where possible (Underwood 1997). The SNK

procedure was used to make post-hoc comparisons
among levels of significant terms (Day & Quinn 1989).

The change in the abundance of recruits on bi-
weekly versus cumulative tiles was compared using
the Wilcoxon rank-sum test (W) (Hollander & Wolfe
1973) for each 2 wk period and tests the null hypothe-
sis that the number of recruits arriving onto biweekly
and cumulative tiles are no different. Therefore,
biweekly tiles represent a proxy to estimate the rate of
recruitment in each 2 wk period, and are compared to
the total change in recruit numbers on cumulative tiles
over the same period (e.g. cumulative abundance at
time-1 compared to cumulative abundance at time-2).
This value may be either positive or negative, with
each set of replicate cumulative tiles representing an
independent estimate of the number of recruits, incor-
porating both recruitment and post-settlement mortal-
ity. Positive growth may be indicative of factors such as
conspecific attraction; population growth (i.e. number
of new recruits) on cumulative tiles is at a greater rate
than in biweekly treatments, suggesting ‘preference’
toward cumulative treatments. Alternatively, higher
negative values on cumulative treatments than bi-
weekly treatments suggest greater post-settlement
mortality in relation to new recruit arrival and/or
reduced recruitment rates on cumulative treatments.

The relationship between per capita mortality and
recruit density provides a statistically robust approach
to assess density-dependent mortality (Caley et al.
1996). Density dependence occurs when mortality
increases as density increases, with the slope of the
relationship indicating the strength of density depen-
dence. A linear relationship indicates a constant per
capita effect across the density gradient, whereas a
polynomial relationship indicates variable rates of den-
sity-dependent mortality across the gradient. Values
may indicate either increasing (negative slope) or
decreasing (positive slope) density-dependent mortal-
ity with density.

Density-dependent mortality was evaluated using
regression analysis and data compared by the fit of a
linear regression model over a polynomial model. Both
linear and polynomial regression models were tested
for significance using ANOVA (Sokal & Rohlf 1995).
Polynomial models up to the 3rd power were com-
pared for best fit. F-test probabilities indicate the
model of best fit.

RESULTS

Temporal patterns of biweekly recruitment 

Of the 504 tiles monitored, Crassostrea virginica
recruits were found on all tiles during all sampling
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Source of variation df MS F p

Site 11 97.38 74.91 0.001***
Residual 60 1.30

Cochran’s C-test 0.26, ns

Table 1. Proportional change in gypsum dissolution (n = 6) at
12 sites: 6 high and 6 low flow (2 sites per flow type per 

location) in South Carolina, USA. ns: not significant
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periods. The number of recruits varied among sites
within locations, but in general there was little varia-
tion between locations (Table 2: Location × Time, SNK
tests). Two recruitment peaks were apparent: first, a
smaller peak in early June (Week 2–4) followed by a
second peak in early to mid-July (4th July to 18th July)
Week 8–10 (Fig. 2). On average, between 17 and 13%

(early June), and 40 and 53% (early to mid-July) of the
total recruit densities settled onto biweekly tiles during
this period in low and high flow locations, respectively
(Fig. 2). Flow type had no significant effect on the num-
ber of recruits at any given time (Table 3).

Change in cumulative recruit density

Recruitment onto cumulative tiles varied between
sites within location, but was similar among locations
(Table 2). Oyster densities were significantly higher
at high flow than at low flow sites with average abun-
dances of 44 ± 4 and 29 ± 2 oysters, respectively
(Table 3).

Two general patterns were apparent. In high flow,
cumulative recruit densities initially increased in con-
junction with recruitment onto biweekly tiles. Cumula-
tive recruitment densities were greatest between
Week 6 and 8 (75 ± 28 per tile), after which recruit den-
sities decreased for each subsequent 2 wk period
(Fig. 2, Table 3). Of the 18 tiles monitored at each loca-
tion, oyster densities were not significantly different
after 14 wk, when on average, 32 ± 6 remained (Fig. 2,
Table 3, Time, SNK tests).
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Source of variation df Biweekly Cumulative F versus
MS F p MS F p

(a) Location 2 5.05 1.18 0.349 61.07 9.00 0.007** (b)
(b) Site (Location) 9 4.26 4.74 0.000*** 6.78 6.40 0.000*** (f)
(c) Time 6 28.93 20.93 0.000*** 5.22 2.53 0.031* (e)
(d) Location × Time 12 9.75 7.06 0.000*** 3.12 1.51 0.148 (e)
(e) Time × Site (Location) 54 1.38 1.54 0.021* 2.06 1.94 0.001*** (f)
(f) Residual 168 4.09 1.06

Cochran’s C-test 0.04, ns 0.04, ns

Table 2. Crassostrea virginica. Temporal recruitment patterns of oyster larvae at 4 sites in each of 3 locations per 2 wk period for
14 wk. Data are ln(x+1) transformed. F versus indicates which (source of variation) MS denominator was used for each F-test, e.g. 

FLocation = MSLocation/MSSite(Location). *p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant
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Flow 1 4.38 2.71 0.101 8.31 4.07 0.045*
Time 6 28.93 17.93 0.000** 5.22 2.56 0.020*
Flow × Time 6 0.49 0.31 0.932 2.61 1.28 0.267
Residual 238 1.61 2.04

Cochran’s 0.13, ns 0.10, ns 
C-test 

Table 3. Crassostrea virginica. Temporal recruitment patterns
of oyster larvae in relation to flow and time. Data are pooled
across locations (see Table 1) and are ln(x +1) transformed. 

*p < 0.05, **p < 0.01, ns = not significant

Fig. 2. Crassostrea virginica. Temporal patterns of oyster lar-
vae recruitment on biweekly (grey bars) and cumulative
(black bars) tiles in (a) high and (b) low flow regimes in South 

Carolina, USA
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In contrast, 2 peaks of increased oyster densities in
low flow conditions were observed: first, the smaller of
the 2 peaks between Week 4 and 6 with an average of
38 ± 11 and 37 ± 10 oysters per tile, respectively. A sec-
ond, larger peak occurred between Week 8 and 10 and
had an average of 59 ± 12 oysters per tile. Population
reductions followed both peaks, with oyster numbers
decreasing to similar densities with, on average, 22 ± 6
and 25 ± 3 oysters (Table 3, SNK tests) within Week 2
and 4. Irrespective of flow regime, the density of oys-
ters on cumulative tiles after 14 wk were not signifi-
cantly different from each other (Table 3, SNK tests).

Change in cumulative recruit density in relation to
biweekly recruit density

Changes in recruitment in biweekly and cumulative
treatments were tested by the null hypothesis that
recruitment in each 2 wk period, estimated by bi-
weekly treatments, would be mirrored by cumulative

treatments. That is, the change in number of individu-
als on cumulative tiles was predicted to increase by the
same number of recruits on biweekly tiles. With the
exception of peak recruitment periods, there was no
difference between the number of oysters on biweekly
or cumulative tiles in each 2 wk period (Table 4,
Figs. 3 & 4: grey bars). While not significantly different,
in all but one case (Week 2, North Inlet, Site A, Figs. 3
& 4) recruitment was greater on biweekly tiles than on
cumulative tiles (indicated by negative values for grey
bars in Figs. 3 & 4). However, during peak recruitment
periods when large influxes of biweekly recruits were
recorded (e.g. Week 10 in high flow, Fig. 3), biweekly
recruitment was not mirrored by cumulative tiles and
in such cases, the number of recruits on cumulative
tiles were significantly lower than recruitment densi-
ties estimated by biweekly treatments (Figs. 3 & 4:
grey bars, Table 4: p < 0.01). Recruitment was signifi-
cantly higher on biweekly than on cumulative tiles in
Week 10 and 12 for high flow sites and in Week 8 and
12 for low flow sites (Table 4).

84

–500

–400

–300

–200

–100

0

100

200

300

NI B

–400

–300

–200

–100

0

100

200

300

P
o

p
u

la
tio

n
 g

ro
w

th
 (c

h
an

g
e 

in
 r

ec
ru

it 
d

en
si

ty
 p

er
 t

ile
)

–200

–150

–100

–50

0

50

100

150

200

–400

–300

–200

–100

0

100

200

2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14

–120

–100

–80

–60

–40

–20

0

20

40

60

–80

–60

–40

–20

0

20

40

60

NI A

MI B

MI A

CR B

CR A

Time (wk)

Fig. 3. Crassostrea virginica. High flow sites (Sites A and B) recruit densities in North Inlet (NI), Murrells Inlet (MI) and Cape
Romain (CR). Black bars: population growth in cumulative treatments per 2 wk, calculated as the change in recruit density
between Timen+1 and Timen. Grey bars: difference between population growth in cumulative treatments per 2 wk and biweekly
recruitment for that period. Positive y-values: increased recruitment or greater total recruitment; negative y-values: mortality,

emigration and/or lower recruitment on cumulative tiles compared to biweekly tiles



Knights & Walters: Role of recruitment in oyster population growth

Density-dependent processes and population growth

Population growth was greater at high flow locations
than at low flow locations; this was likely due to the
greater supply of recruits resulting in a greater proba-
bility of settlement. Changes in cumulative population

size were predictable based on biweekly recruitment
estimates at high flow locations (Fig. 5a, R2 = 0.214);
however, no such relationship was evident at low flow
locations (Fig. 5b). Where relationships were found,
comparison of linear and polynomial models showed a
2nd order polynomial model was a better fit in all
cases, indicating that population growth only occurs
when recruit numbers are within specific parameters.
In this case, when recruitment is >12 and <178 recruits
per tile, population growth occurs. When biweekly
recruit densities are less than or greater than these
respective values, the population declines (Fig. 5, re-
gression model). Greatest population growth is pre-
dicted to occur when oysters recruit in densities of
~103 individuals per tile. Comparison of the relation-
ship between recruit density and cumulative change at
high and low flow locations were similar at low recruit
densities (<100 oysters per tile), although no pre-
dictable relationship was apparent at low flow loca-
tions and likely due to the absence of large influxes of
larvae (e.g. 250 individuals per tile), thus limiting
model predictions (Fig. 5b). To account for this, subse-
quent pooling of high and low flow data to incorporate
potentially high recruitment rates at low flow locations
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Time (wk) High flow Low flow

2 W10, p = 0.22, ns W17, p = 0.94, ns
4 W26, p = 0.26, ns W17, p = 0.94, ns
6 W21, p = 0.68, ns W27, p = 0.17, ns
8 W27, p = 0.17, ns W31, p < 0.05, *
10 W34, p < 0.01, ** W28, p = 0.10, ns
12 W31, p < 0.05, * W31, p < 0.05, *
14 W24, p = 0.39, ns W26, p = 0.23, ns

Table 4. Crassostrea virginica. Wilcoxon rank-sum test (W)
(Hollander & Wolfe 1973) of difference in recruit abundance
on biweekly and cumulative tiles per 2 wk period. Subscripts:
sum of the rank scores on biweekly treatments. Scores are
calculated by ranking recruitment numbers on both biweekly
and cumulative treatments in a single row and summing the
score (position value). Wn values are compared to docu-
mented probability tables. *p < 0.05, **p < 0.01, ns = not 
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indicated a relationship, similar to that at high flow
locations, between new recruit density and population
size changes (Fig. 5c, R2 = 0.172). While significant, the
relationship between biweekly recruitment and popu-
lation size change accounted for a relatively low per-
centage (~20%) of the variation. This may be due, in
part, to the large degree of variation at low levels of
recruitment (i.e. <50 recruits), and a rapid reduction in
population size and relatively few data points at higher
recruitment rates.

The strength of density dependence changed in
response to the density of newly arriving recruits. At
low levels of recruitment, density-dependent mortality
was low, indicated by comparable biweekly and cumu-
lative treatments and reductions in population size
most likely attributable to naturally high, density-
independent mortality rates for post-settlement larvae
(Fig. 5). As recruit densities increase, the effect of den-
sity-dependent mortality increasingly strengthens,
eventually resulting in gross reductions in existing
population densities when mortality rates exceed sur-
vival rates. This was highlighted by far fewer recruits
in cumulative treatments than in biweekly treatments
(indicated by negative values, Fig. 5). However, the
exact role of density dependence in the decline of
Crassostrea virginica populations was unclear. When
recruit influx was at its greatest, the immediate effect
on the existing population was unpredictable and con-
tradictory depending on the flow regime. At high flow
locations, populations declined on average 15% from
the previous estimates, whereas at low flow locations,
populations continued to grow by 50% (Figs. 2 to 5;
Table 3, Flow). Recruits were, however, twice as
prevalent at high flow locations than at low flow loca-
tions (Figs. 2 to 5, Table 3) and may have resulted in
differences in the strength of density dependence be-
tween previously settled and newly arriving recruits.
Irrespective of differences in recruit densities among
flow regimes, a time-lag was apparent whereby the
following 2 to 4 wk period post peak recruitment coin-
cided with marked reductions in population size and
oyster densities were reduced between 34 and 50%
(Figs. 3 & 4, Table 3, Time, SNK tests). This pattern was
evident at all sites within each of the locations.

DISCUSSION

With variable population size and structure coupled
with unequal larval connectivity between populations
(Hanski & Simberloff 1997), population development
predictions are likely to be locally specific with many
biotic and abiotic factors affecting distributional pat-
terns (Kingsford 1993). However, the timing and pat-
tern of recruitment in the present study was consistent
with previous studies and characterised by 2 distinct
peak settlement periods: first in early June and
subsequently in early to mid-July (e.g. Loosanoff &
Nomejko 1956, Haven & Fritz 1985, Kenny et al. 1990,
Michener & Kenny 1991). Great variability in recruit
densities at both the smallest (tile) and larger (site) spa-
tial scales was found and likely due to fluctuations in
water quality, predation, food availability, water tem-
perature and other factors that affect settlement suc-
cess (Abbe 1986, Kennedy 1986).
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Recruitment was used as a proxy for settlement, with
settlers defined as the number of individuals remain-
ing on each tile after a short time period (2 wk).
Biweekly tiles were used to estimate the total settle-
ment for each 2 wk time period and compared to
changes in population size (recruits) on cumulative
tiles over the same 2 wk period, with the result that
recruitment onto either type of tile was similar in all
periods, suggesting that changes in population size
occur post-recruitment. Our study did not attempt to
manipulate recruit and adult densities directly; rather,
the goal was to identify patterns based on local and
regional patterns of recruitment and to assess their
potential effect on existing recruit populations. There
was a clear and spatially consistent relationship be-
tween the density of newly arriving recruits and abun-
dance of oysters on each tile at the regional level over
the 14 wk period. During peak recruitment, the inter-
action between the aging population and newly arriv-
ing recruits was markedly different to periods of low
and intermediate recruitment. The strong positive
relationship between biweekly recruits and population
growth at low and intermediate recruitment rates
became a strongly negative relationship, in which the
populations exhibited marked reductions in size at
greatest recruit densities. Notably, while the relation-
ship between population size and recruit density at low
and intermediate rates was positive, the population
declined at extremely low recruitment rates, indicating
that a minimum number of recruits are required if a
population is to persist. A hump-shaped relationship
between recruit and adult densities has been demon-
strated in several theoretical studies (see Murdoch
1994 for review) where populations are determined by
a combination of both density-independent (low re-
cruitment) and density-dependent (high recruitment)
mortality (e.g. Connell 1985, Caley et al. 1996), but
until recently, this relationship has rarely been demon-
strated in open marine populations (but see Jenkins et
al. 2008).

Large reductions in adult densities occurred in con-
junction with periods of peak recruitment and are well
documented for many species with variable recruit-
ment patterns, e.g. Californian sardine Sardinops
caerulea and Peruvian anchoveta Engraulis ringens
(Iles & Beverton 2000). The rapid aggregation and
growth of conspecifics can induce density-dependent
mortality through intraspecific competition (e.g. Shima
2001, Wilson & Osenberg 2002) with the result that the
local population size adjusts to a specific carrying
capacity over time (Iles & Beverton 2000). Comparable
densities of Crassostrea sp. among locations after
14 wk indicate recruitment follows the recruitment-
limitation hypothesis (sensu Doherty & Williams 1988).
Reductions generally occurred within a 2 to 4 wk

period, suggesting a time-lag between recruitment
and population contraction. The fact that there were
similar oyster densities after 14 wk indicates a consis-
tent and predictable regional carrying capacity for
South Carolinian oyster populations. It does not, how-
ever, explain why reductions occurred after peak
recruitment and not earlier, when recruit densities
exceed this level. A potential explanation for a time-
lag would be that newly settled larvae are able to sur-
vive on protein reserves for a limited time prior to
being able to successfully compete for resources
(Garcia-Esquivel et al. 2001), but are subsequently
restricted by resource availability. The rate of density-
dependent mortality increased in conjunction with
recruit density increases. Relationships were derived
from examination of a range of recruit densities and
this approach perhaps provides a more realistic assess-
ment of density-dependence than previous studies,
which focused solely on a presence/absence approach
(e.g. Connell 1985, Caley et al. 1996). A limitation of
this approach, however, is that it examines a continual
additive process where recruits continue to arrive over
time. As a result, there may be some disparity in
age/size among recruits dependent on the time (wk) of
recruitment, which may not only alter the surrounding
physical environment, e.g. increased sediment accu-
mulation or increased substrate in the form of shells,
but also effect the intraspecific interaction among
recruits through processes such as conspecific attrac-
tion (e.g. Tamburri et al. 2007), ultimately affecting
rates of recruitment among treatments. Thus, while
allowing predictions of the apparent change in popula-
tion size in relation to absolute recruitment, the addi-
tive approach may mask the precise role of recruit-
ment pulses in density-dependent processes and its
role in population regulation when the carrying capac-
ity is exceeded.

The density of recruits was greater at high flow loca-
tions than at low flow locations. Different flow regimes
are known to greatly affect the dispersal and settle-
ment of larvae. Increased water velocities may facili-
tate settlement by passing a greater volume of water
over the substrate per unit time. The probability of lar-
vae coming into contact with an area of available sub-
strate is therefore enhanced (e.g. Crimaldi et al. 2002),
especially when considering the limited swimming
speeds of pelagic larvae (Mann & Rainer 1990). Recent
studies have indicated that several marine species
have an inherent ability to manipulate or control their
vertical position within the water column in order to
facilitate transport in flow velocities which are orders
of magnitude greater than their own swimming velo-
city (e.g. Pernet et al. 2003, Knights et al. 2006). Settle-
ment may also occur in response to chemical cues of
habitat suitability (Pawlik 1992) exuded by conspecific

87



Mar Ecol Prog Ser 404: 79–90, 2010

adults—gregarious settlement being an indicator of
favourable conditions in both the barnacle Chamae-
sipho tasmanica (Jeffery 2000) and oyster Crassostrea
gigas (Tamburri et al. 2007). Such behavioural changes
by oyster larvae in response to chemical cues (Cras-
sostrea spp., Turner et al. 1994, Tamburri et al. 2007)
are proposed to increase the likelihood of suitable sub-
strate contact and, thus, settlement. Such mechanisms,
either singularly or in combination, may underlie the
patterns documented in the present study.

Measurement of recruitment can potentially con-
found the role of larval settlement in population dy-
namics when density-dependent, early post-settle-
ment mortality occurs (Jenkins et al. 2008). Like many
marine species that undergo a pelagic–demersal meta-
morphosis, Crassostrea spp. experience high rates of
early post-settlement mortality (Haws et al. 1993, Gar-
cia-Esquivel et al. 2000). Previous studies suggest that
early post-settlement mortality is predominantly den-
sity independent and, thus, recruitment a direct ap-
proximation of settlement (e.g. Connell 1985, Holm
1990, Roegner & Mann 1995, Caley et al. 1996). Post-
settlement mortality may be attributed to several fac-
tors, e.g. desiccation, temperature stress, mechanical
damage and predation (Gosselin & Qian 1997), and
may exceed 98% for many marine benthic inverte-
brates (Thorson 1966). Factors such as these may ac-
count for a significant proportion of the additional vari-
ation not described by the population change model in
our study (Fig. 4). Great care was taken to select simi-
lar environments to ensure that the density and size
distribution of adult Crassostrea virginica were similar
among locations so that initial post-spawning larval
densities within the water column were more likely to
be comparable. Larval density may, however, become
decoupled from adult population densities over the
typical 2 to 3 wk planktonic duration, with other factors
such as local hydrodynamics potentially affecting the
supply of larvae to those habitats. Future studies
should include estimates of larval densities within the
water column in an attempt to couple larval flux and
the resultant recruitment rates. Shore height, tidal in-
undation and predator identity and density were also
compared at the start of the study to ensure similar en-
vironmental conditions among locations. The scope of
this study did not include potential factors, such as
space limitation with increasing population size (Jef-
fery 2000), food availability (Abbe 1986) or larval be-
haviour in response to settlement cues (Raimondi 1988,
Crimaldi et al. 2002, Pernet et al. 2003). However,
equal substrate availability among treatments, the ap-
parent available that space on each tile at collection (A.
M. Knights unpubl. data) and proximity to large ex-
panses of adult C. virginica suggest that space and
food are not limiting factors in this case.

This study demonstrates the role of recruitment in
the maintenance and development of adult popula-
tions. Recruitment clearly plays an important role in
population persistence when insufficient supply of
recruits coupled with high density-independent
mortality results in population decline or extinction,
and high rates of recruitment lead to increasing rates
of density-dependent mortality. Higher water flow
velocities increased recruitment in the short-term.
Greater recruitment, however, increased the density-
dependent mortality of existing recruits, resulting in
populations of a similar size, irrespective of rates of
recruitment. Population size is, therefore, most likely
determined by a combination of resource availability
which determines the size of population that may
be supported, and sufficient recruitment to overcome
high mortality rates. This study adopted a multi-fac-
torial approach using a range of recruit densities to
assess the role of recruitment relative to other poten-
tially limiting and regulatory processes that deter-
mine population size. A common goal of population
management is to identify and protect key stages in
the life history of the study organism that maintain or
enhance the survival of existing populations. Studies
that explicitly examine the role of density-depen-
dence in population persistence at the recruitment
level may enhance our understanding of the struc-
ture and development of benthic invertebrate popu-
lations. Future work should aim to determine the
effect of adult population density on recruitment suc-
cess and habitat selection processes.
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