








inputs (Figure 6A,C). Introductions
of individuals for limited time periods
required about 10 years more for
a new trait to become established
(Figure 6B,D). The frequency of the
beneficial trait increased when immi-
grants were added over a long time and
when large numbers of individuals were
added (Figure 6).

An interesting result of the simula-
tions is that the increase in frequency
of a new trait is more rapid if it is
introduced via larvae (Figure 6). Larval
immigrants decrease the time needed
for the allele to become established in
the population, both for continuous and
episodic immigrations, and this time
factor is independent of the number of
new individuals added to the popula-
tion. These results suggest that larvae
that survive to set (i.e., those remaining
after planktonic larval mortality) are
more successful in the transfer of new
traits into a population than the intro-
duction via adults transplanted from
other regions, with presumably different
genetic characteristics. This counterintu-
itive result arises from the age-dependent
mortality, which is higher for older
animals, that is imposed on the simu-
lated oyster population. The adults have
shorter lifetimes and hence have fewer
opportunities to reproduce compared to
young (i.e., newly settled larvae). Higher
mortality of younger oysters would
potentially allow older adults with a
particular trait in the spawning popula-
tion to spread the allele faster. Thus,
understanding population mortality
processes is an important component of
understanding how new genetic traits are

introduced into populations.

Figure 7. Surface temperature (left panel, °C) and salinity (right panel, PSU) on May 25, 2000,
as simulated by the Delaware Bay model. The locations of the six rivers that provide freshwater
inputs for the Delaware Bay circulation model are indicated. The locations of the Versar data

stations used for the quantitative comparisons shown in Figure 8 are indicated by the numbers.

THE DELAWARE BAY
CIRCULATION MODEL

The Delaware River estuary is a weakly
stratified to well-mixed system in which
tidal forcing predominates over the
influence of freshwater input and winds.
The salinity field is observed to vary
systematically along-estuary (Figure 2),
with values in the upper estuary ranging
from 0 to 3, increasing down-estuary to
29 to 30 near the bay’s mouth. The lower
estuary displays transient salinity strati-
fication, generally strongest following
maximum river discharge in the spring
(Garvine et al., 1992). Few long-term
mooring deployments have been

conducted in the Delaware River estuary
and, consequently, a detailed picture
of the structure of its estuarine circula-
tion is lacking. Based on limited surface
drifter data, Wong (1994) suggested that
the flow is laterally sheared; however,
MacCready (2004) showed that a simple
two-layer exchange model accurately
captures the structure of the salt field.
Realistic simulation of the circula-
tion and (importantly) the tracer fields
in Delaware Bay is an essential objec-
tive of the Delaware Bay EID program.
Accordingly, validation and improvement
of a circulation model (Box 3) have been

an integral and ongoing component of
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the EID project. For purposes of model
evaluation, hindcast simulations of
Delaware Bay circulation, and the accom-
panying temperature and salinity fields,
have been performed covering three

time periods (1984-1985, 2000-2001,
and 2005) for which high-quality obser-
vational data records could be obtained.
The 2000-2001 period is particularly
attractive for evaluation of the circula-
tion model because water-level records
are available at 15 sites around Delaware
Bay and nearly year-long observational
records of temperature and salinity

are available at nine locations over the
primary oyster beds (Figure 7). The

latter data sets were obtained as part of a
water-quality and oyster-bed monitoring
program intended to provide baseline
information prior to a planned deepening

of the Delaware Bay navigational channel

(Versar, 2001). For purposes of model
evaluation, a hindcast simulation was
performed for the first eight months of
the temperature and salinity time series.

Delaware Bay is a tidally driven
estuary; hence, correct representation
of the tidal currents provides an impor-
tant measure of simulated circulation.
Comparison of the amplitude and phase
of the observed and predicted principal
lunar semi-diurnal (M,) tidal constituent
shows good quantitative agreement with
observed water levels in 2000 with root
mean square (RMS) errors of order of
13 cm in amplitude and 12 degrees in
phase. The properties of the M, tide
are well represented throughout the
model domain.

The simulated temperature and
salinity fields display substantial vari-

ability on tidal, diurnal, and seasonal
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time scales; Figure 7 shows examples
of surface tracer distributions. In
general, salinity patterns and variability
are locally forced, predominantly by
the tides. The temperature patterns,
while also responding to tidal forcing,
have much more evident diurnal and
seasonal components.

Quantitative assessment of the simu-
lated temperature and salinity fields at the
nine mooring sites was done using Taylor
diagrams (Taylor, 2001), in which the
normalized standard deviation, the cross-
correlation, and the centered-pattern
RMS difference between the observed
and simulated time series are displayed
simultaneously in a single diagram
(Figure 8). The hindcast temperatures are
highly correlated (~ 0.99) at all locations,
although with a somewhat higher stan-
dard deviation than that of the observed
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Figure 8. Taylor diagrams comparing the observed and simulated temperature (left) and salinity (right) at nine mooring locations
shown in Figure 7. The observing period is May 12 through November 30, 2000. The Taylor diagram is based on calculations of the
square root of mean square difference (RMSD) between the model and the data. The RMSD is composed of the bias, which is the
difference between the means of the two fields and the centered-pattern RMSD, which represents differences in variability. The
centered-pattern RMSD is further decomposed into differences in the phase and standard deviations of the model and observed
data time series (Oke et al., 2002). The normalized standard deviation of the model result is the radial distance from the origin, the
correlation of the two distributions is the angle from the x-axis, and normalized centered-pattern RMSD is the distance between the
data symbol at location [1,0] on the x-axis (red star-reference point) and each model symbol. Bias in the simulated temperature and

salinity is shown by the color bar.
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temperatures. The simulated salinities
are also well correlated with observations
(~ 0.8-0.9), with comparable standard
deviations. Some geographical variation
in the quality of the salinity simula-
tions is evident. The poorest agreement
with observed salinity fields is found at
the most down-bay station (location 1,
Figure 7), a possible result of the limita-
tions of our treatment of tracers at the
open coastal boundaries.

In a parallel study, model-derived
currents for a two-month period in
2005 have shown general agreement
with observed velocities. Hence, we
have established that the Delaware
Bay model can reproduce hindcasts
of circulation and tracer fields that
have skill, as measured by quantitative

statistical measures.

COUPLING OF OYSTER AND
CIRCULATION DYNAMICS

As the first step in coupling the oyster
models with the Delaware Bay circu-
lation model, Lagrangian tracking
experiments were conducted using
particles embedded in simulations of
Delaware Bay circulation. The particles
were proxies for oyster larvae. In these
simulations, particle locations were
tracked over time and the temperature
and salinity at each location estimated.
The locations of the particles were
determined by horizontal and vertical
advective velocities, vertical turbulence,
and larval behavior and growth. Larval
behavior and swimming speed are
related to larval size, the local tempera-
ture and salinity, and the vertical salinity
gradient (Dekshenieks et al., 1996).
Opster larvae, especially in their later

stages, respond to increasing salinity by

swimming up in the water column, and
to decreasing salinity by falling (Haskin,
1964; Haskin and Hidu, 1978; Kennedy
and van Heukelme, 1986; Mann, 1991).
Particles were released at five-day inter-
vals from mid-June to mid-September,
when oyster larvae are likely to be
present, at locations that correspond

to known oyster beds in Delaware Bay

(Figure 2). The simulated larvae grow

and develop in response to local temper-
ature, salinity, and specified food condi-
tions using the model in Dekshenieks
etal. (1993, 1997). The larval particles
were tracked until they reached a size
sufficient for metamorphosis and setting,
which was about 30 days for the simu-
lated temperature and salinity conditions
and prescribed constant food distribu-
tion (4 mg food L). The simulated
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Figure 9. Summary of simulated particle transport pathways and final settlement locations for

particles released between June 15 and September 15, 1984, at oyster bed locations in (A) upper
Delaware Bay, New Jersey side; (B) middle bay, New Jersey side; (C) Delaware side of the bay; and
(D) lower bay, New Jersey side. Arrows indicate exported particle trajectories, and the size of the

arrows (see key) represents the percentage of particles released at the site that is exported to

other locations in the bay.
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circulation field was obtained using
conditions that correspond to 1984.
Most of the particles released in the
upper Delaware Bay (35-50%) were
transported and dispersed toward the
lower bay (Figure 9A). A few settled in
the middle bay and fewer than 10% were
exported to the adjacent continental
shelf. Similar results were obtained for
particles released in the middle bay
(Figure 9B) and further to the west on
the Delaware side (Figure 9C). Fewer
than 10% of the larvae released in these
locations were transported to the upper
part of Delaware Bay. Particles released
in the lower bay tended to remain in
the region but with some export to the
western and middle portions of the bay
(Figure 9D). Lower bay particle trans-
port patterns are indicative of a recircu-

lation gyre in this part of Delaware Bay.

SUMMARY AND

FUTURE DIRECTIONS

The Delaware Bay EID project is
providing data and model results that
allow quantitative and rigorous evalu-
ation of our primary hypothesis, that
environmental fluctuation may combine
with disease and small parental numbers
to shift genotypes in unexpected ways.
Addressing this hypothesis has led to
understanding of how environment
and disease have combined to produce
the current structure of Delaware

Bay oyster populations. Field surveys
indicated that refuges from MSX selec-
tive pressure occurred only in the very
uppermost portions of the main stem
of the bay and in the tributary rivers of
that region, notably the Cohansey River
site. The same sites were not refuges
from the Dermo parasite, which has a

higher tolerance for low salinity. These
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observations are consistent with field
studies in which offspring of oysters
from putative refugia and high-disease
regions were challenged by Dermo and
MSX. Oysters originating from the
Cohansey River experienced signifi-
cantly higher MSX levels and mortality
than did oysters from the other regions
tested, which showed no differences
among sites. No significant differences
in Dermo disease levels among the
same groups, including the Cohansey
River, were recorded when the Dermo
parasite was added to the challenge.
These observations, combined with the
larval model simulations, indicate that
mixing of oyster larvae in Delaware Bay
is extensive, but reduced in the upper
bay and the tributaries. This is consistent
with genetic analysis results showing
that most of the oysters in the main
stem of the bay are homogenous, and
oysters from the far upper bay (Hope
Creek) and the tributaries are geneti-
cally different. Local recruitment within
a tributary may lead to genetic drift.
Our data also suggest that selection by
disease may also be important in causing
genetic differentiation between the main
stem of the bay and the refugia. The
selection hypothesis is consistent with
field observations of a rapid increase in
resistance that was observed after the
1984-1986 MSX epizootic.

A small and variable effective number
of parents was observed for different
spat falls, whereas the adult popula-
tions, which represent accumulations of
many year classes, may be quite stable.
The role that sweepstakes reproductive
events play in structuring oyster popula-
tions requires long-term analysis of the
adult population and yearly recruit-

ments. The existence of putative MSX

disease refugia in the upper Delaware
Bay may mean that this system is not
able to develop disease-resistant oyster
populations, except through large-scale
catastrophic events such as the disease
epizootic that occurred in 1984-1986.
Thus, environmental conditions that
set up such strong selection events are
important in this system because one
such event can radically alter the overall
population structure, which then persists
for several decades. Alternatively, the
immigration simulations indicate that
long-term sustained input of larvae
and/or adults with particular advanta-
geous characteristics will eventually
result in establishment of new traits in
an oyster population. This implies that
management efforts that add immigrants
continuously over a period of time may
intentionally or unintentionally shift the
genetic composition of the population.

Delaware Bay circulation is critical in
the patterns of larval dispersal prior to
setting and to providing a way to assess
how specific genotypes are distributed
within the bay. Changes in atmospheric
forcing and freshwater inflow can
alter bay circulation, with the conse-
quence that the larval source regions
(e.g., specific reefs or sections of the bay)
change with time. Thus, the development
of a particular genotype via a selection
event or input of new individuals does
not necessarily mean that it will be
distributed to the rest of the bay or even
retained in the bay. The circulation field
imposes a filter on the larvae, and their
associated genetic traits, which deter-
mines their ultimate fate and/or reten-
tion in Delaware Bay.

Changes in circulation due to modifi-
cations in wind fields, freshwater inputs,

and bathymetry (i.e., deep channels), for



example, have the potential to change
the source and destination regions for
oyster larvae. Climate change in the

US Mid-Atlantic region is projected to
produce warmer and wetter conditions
(Najjar et al., 2000). The climate-induced
changes may result in lower salinity and
hence lower disease levels. However,
there are trade-offs with stresses imposed
on oyster physiology, as well as altera-
tions in food supply at lower salinity,
that may negate the benefit from reduced
disease levels at low salinity.

A potential counter to low salinity
from climate is increased salinity from
deepening the Delaware Bay ship
channel (see reports listed at: http://
www.nap.usace.army.mil/cenap-pl/
drmcdp/econreanal.html). Higher
salinity may promote development of
more oyster reef area (e.g., Powell et al.,
1995), change the effects of disease
mortality (Dekshenieks et al., 2000), or
change the oyster population structure
(Klinck et al., 2002). How these various
environmental changes interact, and the
consequences for Delaware Bay oyster
populations, remain to be determined.

One clear result from the larval disper-
sion simulations is that a portion of the
Delaware Bay oyster larvae population is
exported to the coastal ocean, and that
this portion varies with the circulation
characteristics and larval source region.
The exported larvae provide a mecha-
nism for transporting particular geno-
types to other systems. Thus, the selec-
tion processes that occur in Delaware Bay
potentially have wider-reaching effects.
For example, a southerly flowing coastal
current of 10 cm s could move Delaware
Bay oyster larvae 200 km during a 20-day
planktonic phase, which would be within

reach of Chesapeake Bay. Additionally,

Delaware Bay likely exports water-borne
disease agents, such as the MSX and
Dermo parasites, along the same flow
trajectories. Thus, export of larvae and
parasites from Delaware Bay and the
degree of exchange that occurs with the
estuarine environments that connect
with the coastal ocean and between large
estuarine systems, such as Delaware

and Chesapeake bays, can mitigate or
enhance the spread of oyster diseases.

An important application of the
results from studies such as this is
to inform those tasked with setting
policy and management procedures for
living resources. For example, market
forces affecting the oyster fishery, along
with size restrictions on what can be
harvested, place the fishing pressure on
the largest (> 2.5 to 3 inches) and prob-
ably the oldest oysters, which are the
most highly selected for disease resis-
tance and fast growth. Removing these
oysters from the population minimizes
the chance for these characteristics to
become instilled in the natural popula-
tion. In this regard, the fishery may
provide a sink for the genotypes that are
desirable to retain.

Removal of individuals with traits that
are potentially beneficial to the long-term
survival of the natural population places
a larger burden on restoration efforts.
The effectiveness of small-scale repletion
projects (such as those now ongoing in
Chesapeake Bay) using disease-resistant
oyster stocks, transplanting oysters from
other regions, and importing oysters
from other systems needs to be assessed
in terms of the potential small effective
population size, the effect of circula-
tion variability, and possible climate
change. For example, importation of

infected oysters into a system where the

population is already infected and lives
in an environment that is favorable for
establishment of the disease may not
noticeably increase the likelihood of new
infections. This may result in less of a
long-term perturbation than continued
introduction of individuals with modi-
fied genetic structure. The experimental
and modeling frameworks developed
in this study for Delaware Bay provide

a structure for assessing these tradeofls.
However, interpreting the results to
obtain evaluations of the relative impor-
tance of interactions among genetic,
demographic, ecological, and environ-
mental factors is a daunting challenge.

Moving these research-based
approaches to a management arena
requires a close working relationship
between scientists and managers in
which managers provide a clear indica-
tion of the kind of information that they
need about (oyster) diseases, as well
as the form in which it is most useful
to them and how they intend to use it.
Furthermore, to be effective, managers
will need tools to simulate the conse-
quences of various management strate-
gies, which may require development of
alternative model structures that include
explicit socio-economic outcomes.

As our basic understanding of oyster
disease dynamics in Delaware Bay
develops, we are in a better position to
recommend management strategies for
this system, but major questions remain.
For example, how typical is the Delaware
Bay oyster disease system? Does it
extend to other bays and is it applicable
to other host-parasite disease dynamics
in aquatic systems? How much exchange
occurs among systems via coastal trans-
port and how does that rate of exchange

compare with anthropogenically assisted
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exchange (e.g., via ship hulls and ballast
water or intentional transplantation of
host organisms)? Is the alteration of
genetic structure in one estuary likely to
influence processes in another system?
What is the role of hosts and parasites
in smaller coastal bays and impound-
ments relative to larger systems such as
Delaware Bay across the range of the
host species? Our Delaware Bay EID
project provides the tools and interdis-
ciplinary approaches needed to answer

these questions.
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