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Abstract. Metapopulation and source-sink dynamics are increasingly considered within spatially expli-
cit management of wildlife populations, yet the application of these concepts has generally been limited to
comparisons of the performance (e.g., demographic rates or dispersal) inside vs. outside protected areas,
and at spatial scales that do not encompass an entire metapopulation. In the present study, a spatially
explicit, size-structured matrix model was applied to simulate the dynamics of an Eastern oyster (Cras-
sostrea virginica) metapopulation in the second largest estuary in the United States—the Albemarle-Pamlico
Estuarine System in North Carolina. The model integrated larval dispersal simulations with empirical mea-
sures of oyster demographic rates to simulate the dynamics of the entire oyster metapopulation consisting
of 646 reefs and five reef types: (1) restored subtidal reefs closed to harvest (i.e., sanctuaries or protected
areas; n = 14), (2) restored subtidal reefs open to harvest (1 = 53), (3) natural subtidal reefs open to harvest
(n = 301), (4) natural intertidal reefs open to harvest (n = 129), and (5) oyster reefs on manmade, hard
structures such as seawalls (n = 149). Key findings included (1) an overall stable, yet slightly declining oys-
ter metapopulation, (2) variable reef type-specific population trajectories, largely dependent on spatiotem-
poral variation in larval recruitment, (3) a greater relative importance of inter-reef larval connectivity on
metapopulation dynamics than local larval retention processes, and (4) spatiotemporal variation in the
source-sink status of reef subpopulations wherein subtidal sanctuaries and reefs located in the northeast-
ern portion of the estuary were frequent sources. From a management perspective, continued protection of
oyster sanctuaries is warranted. Sanctuaries represented only 6.2% of the total reef area, however, they har-
bored 19% (% 2%) of all oysters and produced 25% (4 6%) of all larvae settling within the metapopulation.
Additional management priorities should focus on restoration or conservation of subpopulations that serve
as frequent source subpopulations (including those with poor demographic rates, but high connectivity
potential), and management of harvest from sink subpopulations. The application of a source-sink frame-
work and similar integrated modeling approach could inform management of oysters in other systems, as
well as other species that exhibit similar metapopulation characteristics.
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COASTAL AND MARINE ECOLOGY

INTRODUCTION

Metapopulation concepts—wherein subpopu-
lations are viewed as interconnected networks
with asynchronous demographic (i.e., birth,
death) and dispersal rates (i.e., immigration, emi-
gration)—are a critical underpinning of spatially
explicit conservation and restoration of wildlife
populations (Beissinger and Westphal 1998, Han-
ski 1998, Burgess et al. 2014, Seward et al. 2018).
The application of metapopulation concepts is
particularly important in cases where the man-
agement of wildlife populations is multifaceted,
such that parts of the population are either har-
vested, located inside protected areas, or under-
going restoration (Puckett and Eggleston 2016).
The application of metapopulation concepts to
spatial management has often taken the form of
comparisons (e.g., demographic rates or disper-
sal) inside vs. outside protected areas (e.g.,
Crowder et al. 2000). Rarely is the performance
of protected areas or other managed subpopula-
tions considered within the broader context of
the entire metapopulation, wherein dynamics are
simulated within and among all subpopulations.
Comprehensive evaluation of metapopulation
dynamics is needed to inform spatial manage-
ment of populations such that disparate manage-
ment strategies (e.g., protected areas, harvest,
and restoration) can be integrated and evaluated
within a single framework.

Demographic rates (births and deaths) and
dispersal rates (emigration and immigration)
drive metapopulation dynamics (Pulliam 1988,
Hanski 1998). In marine systems, the relative
importance of demographic rates to metapopula-
tion dynamics is poorly understood because
demographic rates can become decoupled from
recruitment due to open subpopulations inter-
connected via pelagic larval dispersal (hereafter
referred to as larval connectivity; Planes et al.
2009). Thus, understanding the drivers of
metapopulation dynamics in marine systems
requires knowledge of both demographic rates
and the direction and magnitude of larval con-
nectivity among subpopulations, including the
degree of local larval retention (i.e., larvae
recruiting to their natal subpopulation) vs. larval
export (i.e., larvae recruiting to a non-natal sub-
population; Kritzer and Sale 2006 and references
therein). When rates of local larval retention are
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low and larval export is high, the importance of
subpopulation demographics on metapopulation
dynamics diminishes as recruitment at a subpop-
ulation is decoupled from its reproduction
(Warner and Cowen 2002, Figueira 2009). Con-
versely, as local larval retention increases (e.g.,
subpopulations are more isolated), local demo-
graphics often become increasingly important to
metapopulation dynamics (Figueira 2009, Carson
et al. 2011, Puckett and Eggleston 2016).

Source-sink dynamics, wherein the balance
between subpopulation demographic and disper-
sal rates determines source and sink subpopula-
tions, are a key component of the metapopulation
concept (Pulliam 1988). Source subpopulations
are generally in areas of high habitat quality
where birth rates exceed death rates and may be
located—in the case of marine systems—in areas
where prevailing currents deliver disproportion-
ate amounts of larvae to other subpopulations.
Source subpopulations contribute disproportion-
ately to metapopulation persistence. Sink subpop-
ulations are generally in areas of reduced habitat
quality where death rates exceed birth rates—
often leading sink subpopulations toward extinc-
tion unless subsidized by sufficient emigrants
from other subpopulations. Source-sink status is
generally nonbinary and can fluctuate temporally
depending upon local conditions. For example,
variation in local water current direction and
magnitude can either isolate or connect subpopu-
lations of coral reef-associated fish (Bode et al.
2006, Figueira 2009). An understanding of spa-
tiotemporal variation in source-sink dynamics of
subpopulations is essential to the effective man-
agement of wildlife metapopulations, wherein
management efforts generally attempt to protect
or restore source subpopulations and manage har-
vest from sink subpopulations.

Metapopulation and source-sink dynamics are
increasingly considered within the context of man-
agement for sessile marine species such as corals
and oysters, wherein subpopulations are only con-
nected via larval dispersal (Botsford et al. 2003,
Figueira and Crowder 2006, Burgess et al. 2014,
Holstein et al. 2015, Puckett and Eggleston 2016).
These systems are particularly amenable to testing
metapopulation and source-sink concepts because
of (1) the presence of spatially separated subpopu-
lations (i.e., reefs), (2) spatiotemporal variation in
spawning (Hughes et al. 2000, Mroch et al. 2012),
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(3) spatiotemporal variation in demographic rates
such as fecundity, growth, and survival (Mroch
et al. 2012, Puckett and Eggleston 2012, Peters
et al. 2017, Theuerkauf et al. 2017), and (4) varia-
tion in potential larval connectivity due to hydro-
dynamics that vary with synoptic-scale forcing
such as wind (Cowen et al. 2000, Haase et al. 2012,
Puckett et al. 2014, Kroll et al. 2018).

In the present study, a spatially explicit, size-
structured, discrete-time matrix metapopulation
model originally developed by Puckett and Eggle-
ston (2016) for Eastern oysters (Crassostrea vir-
ginica) within a network of no-take reserves was
expanded to simulate the dynamics of an oyster
metapopulation in the Albemarle-Pamlico Estuar-
ine System in North Carolina, USA. The model
integrated larval dispersal simulations with
empirical measures of oyster demographic rates
to simulate the dynamics of the entire oyster
metapopulation consisting of 646 reefs and five
reef types: (1) restored subtidal reefs closed to har-
vest (i.e., sanctuaries or protected areas; n = 14),
(2) restored subtidal reefs open to harvest
(n = 53), (3) natural subtidal reefs open to harvest
(n = 301), (4) natural intertidal reefs open to har-
vest (n = 129), and (5) oyster reefs on manmade,
hard structures such as seawalls (n = 149). The
metapopulation model was used to estimate (1)
overall metapopulation trends, (2) reef type- and
size class-specific population trajectories, (3) the
degree and relative importance of local larval
retention and inter-reef connectivity on metapop-
ulation dynamics, and (4) spatiotemporal varia-
tion in source-sink structure within this
metapopulation. We addressed the following gen-
eral questions via the metapopulation model
framework: (1) What is the relative importance of
no-harvest sanctuary oyster reefs to the overall
metapopulation? (2) Is there consistency in
source-sink structure in space and time that could
inform conservation and management? and (3)
Are metapopulation dynamics driven more by
inter-reef larval export or local larval retention
processes and associated subpopulation (i.e., reef)
demographic rates?

METHODS
Study system

The Albemarle-Pamlico Estuarine System
(APES) in North Carolina contains (from north to
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south) Albemarle, Pamlico, and Core Sounds.
The APES is the largest lagoonal estuary in the
United States and is bounded by a barrier island
chain that limits exchange with the coastal ocean
to five relatively small inlets (~1 km wide; Fig. 1;
Pietrafesa et al. 1986). Tides in and near the inlets
of the APES are generally semi-diurnal, with a
mean vertical range of 5 cm when averaged
across Pamlico Sound (Roelofs and Bumpus
1953) to 30 cm in Core Sound (Dudley and Judy
1973). The APES is relatively shallow with a
mean depth of ~4.5 m and a maximum depth of
7.5 m (Epperly and Ross 1986). Water circulation
patterns within the APES are due predominately
to wind-driven currents and riverine freshwater
input, with an increasing tidal influence from
north to south (Xie and Eggleston 1999). Circula-
tion during the summer, when primary and sec-
ondary peaks in oyster spawning occur (Mroch
et al. 2012), is driven predominately by south-
westerly winds (Puckett and Eggleston 2012).
These winds derive from synoptic-scale frontal
systems that transverse the region (Pietrafesa
et al. 1986). Wind patterns in the region have a
strong influence on spatiotemporal variation in
larval dispersal patterns of oysters (Haase et al.
2012, Puckett et al. 2014).

Study species

Eastern oysters (Crassostrea virginica, hereafter
oysters) are distributed throughout estuaries
along eastern North America, ranging from the
Gulf of St. Lawrence to the Gulf of Mexico, and
provide a multitude of ecosystem services within
estuaries, such as water filtration, sediment stabi-
lization, and essential fish habitat (Kennedy et al.
1996, Coen et al. 2007, Grabowski and Peterson
2007, Pierson and Eggleston 2014). Oysters form
dense, three-dimensional reef structures that are
connected via larval dispersal, whereby sessile
individuals spawn gametes into the water col-
umn and fertilized eggs develop into planktonic
larvae that are distributed via currents (Kennedy
et al. 1996). After a two- to three-week period,
larvae seek hard structures on the benthos for
permanent settlement.

Multiple natural and restored oyster reef types
exist within the subtidal and intertidal zones of
the APES (Fig. 1). Within the subtidal zone, there
are (1) commercially harvested natural oyster
reefs, (2) commercially harvested reefs restored
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Fig. 1. Map of the Albemarle-Pamlico Estuarine System showing the distribution of various oyster reefs by reef
type, including cultch (teal), hardened shorelines (red), natural intertidal (blue), natural subtidal (purple), and

sanctuary (black) reefs. Reefs not to scale.

with shell, concrete, or limestone-marl reef sub-
strates (i.e., cultch reefs), and (3) reefs restored
with high vertical relief and protected from com-
mercial harvest (i.e.,, sanctuaries; Puckett and
Eggleston 2012, Peters et al. 2017). Within the
intertidal zone, oysters exist on (4) natural reefs
and (5) hardened shoreline structures, such as
bulkhead and riprap revetments (Theuerkauf
et al. 2016, 2017). All reefs exist within a salinity
range of approximately 10-36 psu and are sepa-
rated from each other by <1-125 km.

General modeling approach

Our general modeling approach incorporated
(1) the spatial distribution and areal footprint of
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all oyster reef types within the APES, (2) reef
type- and intra-annual-specific oyster size-class
transition probabilities (i.e., probability of sur-
viving and remaining in a given size class or
surviving and growing into the next size class;
sensu Caswell 2001), (3) size-specific oyster
fecundity estimates, and (4) local larval reten-
tion and inter-reef connectivity via larval disper-
sal simulations. With this modeling approach,
metapopulation dynamics throughout the APES
were simulated using a demographic matrix
model over a five-year time period (2012-2016),
which generally overlapped with collection
of empirical demographic and validation data,
and allowed for evaluation in consistency of
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metapopulation source-sink structure over

space and time.

Estimating reef footprints

Multiple geospatial data sources were inte-
grated to generate estimates of oyster reef areal
footprints for all reef types within the APES. All
natural and restored (i.e., cultch planting and
sanctuary) oyster reef footprints were provided
as map layers by the North Carolina Division of
Marine Fisheries Shellfish Mapping Program
(North Carolina Department of Environmental
Quality and Division of Marine Fisheries 2013),
and were adjusted where appropriate based on
ground truth surveys conducted by Peters et al.
(2017) and Theuerkauf et al. (2016). For a more
detailed description of methods used to adjust
subtidal reef areal footprints, refer to Peters et al.
(2017), and for adjustment of intertidal reef areal
footprint, refer to Theuerkauf et al. (2016). Subti-
dal natural oyster reef footprints were further
adjusted based on live oyster density data col-
lected by the North Carolina Division of Marine
Fisheries Shellfish Mapping Program from 2007
to 2009. It is important to note that the original
map layers provided by the North Carolina
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Division of Marine Fisheries Shellfish Mapping
Program included a range of shell habitat quality
from areas of loose shell fragments containing no
live oysters, to scattered, low-density assem-
blages of oysters, to high-density oyster reefs
(Theuerkauf et al. 2017). Adjustment of these
map layers was required to ensure the distribu-
tion of reef footprints considered in subsequent
modeling reflected the distribution of oyster reefs
with densities >10 m™2 (i.e., minimum density
criterion to define a reef, sensu Powers et al.
2009, Theuerkauf et al. 2016). The distribution of
hardened shorelines from map layers included
all areas of bulkhead and riprap revetments
installed prior to 2012 and were provided by the
North Carolina Division of Coastal Management
Estuarine Shoreline Mapping Program (North
Carolina Department of Environmental Quality
and Division of Coastal Management 2012). Map
layers of hardened shoreline structures were
adjusted to reflect the distribution of structures
with oyster densities >10 m™> based on ground
truthing (Theuerkauf et al. 2016). A total of 646
reefs were identified and utilized in the present
study. Table 1 provides summary statistics by
reef type including number of unique reefs, total

Table 1. Summary information on number of unique reefs, total reef area, average reef area, average initial den-
sity (ind. m™2), average initial population size, and average initial size structure by reef type for model simula-

tions.
Average Average initial size structure
Total Average initial (% in size class)
No.of  reef  Average initial population
unique  area  reef area density size (% of Recruits Subadults Adults
Reef type reefs (ha) (ha) (ind. m™)  metapopulation)  (0-30 mm) (30-75 mm) (75 mm+)
Subtidal natural 301 934.27 3.12 61 2,307,464 29 55 16
reefs
Subtidal cultch 53 15.32 0.29 152 438,967 28 54 18
reefs
Subtidal 14 66.02 4.72 670 26,323,847 25 68 7
sanctuary reefs
Hardened 149 2.69 0.10 69 69,653 2 65 33
shoreline reefs
Intertidal natural 57 10.43 0.28 121 384,183 34 58 8
reefs (Pamlico
Sound)
Intertidal natural 72 11.82 0.24 842 2,483,700 39 55 6
reefs (Core
Sound)

Notes: Reef location and area information were derived from the North Carolina Division of Marine Fisheries Shellfish Map-
ping Program and the North Carolina Division of Coastal Management Estuarine Shoreline Mapping Program. Average initial
densities for each reef type were derived from Peters et al. (2017), Theuerkauf et al. (2017) and Puckett and Eggleston (2016).
Average initial population size was calculated by multiplying spatially explicit oyster densities m ™ by reef area. Average initial
size structure represents the average percentage of individuals within a given size class on a given reef used to initialize the
metapopulation model.
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reef area, average reef area, average initial den-
sity, average initial population size, and average
initial size structure. Fig. 1 displays the spatial
distribution of these reefs within the APES by
reef type.

Estimating demographic rates via field sampling
Oyster density and length frequency were
quantified on a subset of subpopulations of all
reef types via repeated field sampling of existing
reefs (two to three samplings per year, coinciding
with the timing of major recruitment events, over
a two- to three-year time period) using compara-
ble methods between 2006 and 2015. Puckett and
Eggleston (2012) sampled no-harvest oyster sanc-
tuaries (n = 6, three samplings per year, 2006—
2008), Peters et al. (2017) sampled subtidal natu-
ral reefs (n = 8, three samplings per year, 2011-
2013) and cultch reefs (n = 16, three samplings
per year, 2011-2013), and Theuerkauf et al
(2017) sampled intertidal natural reefs (n = 16,
three samplings per year, 2014-2015) and hard-
ened shoreline structures (n = 19, two samplings
per year, 2014-2015). The subset of subpopula-
tions examined for all reef types spanned the
length-width axis of the APES ~ 7800 km?. Oys-
ter density and length frequency were quantified
on reefs randomly selected from maps of existing
reefs via random quadrat sampling (0.25-1 m?).
The number of quadrat samples collected per
reef was proportional to reef area. Quadrat sam-
ples for subtidal oyster reefs were obtained via
SCUBA divers. It is important to note that in
addition to random quadrat sampling of oyster
sanctuaries, Puckett and Eggleston (2012) con-
ducted a mark-recapture study of oysters to vali-
date growth and survival rates as estimated via
random quadrat sampling and cohort analyses.
These mark-recapture data were used to develop
the method described below for utilizing size
structure data collected via quadrats from the
oyster subpopulations examined in the APES,
which was used to estimate growth and survival
transition probabilities, a necessary component
of demographic matrix modeling to estimate
growth and mortality. Size class-specific densities
observed at the first sampling of a given reef type
were also used to parameterize the demographic
matrix model with an initial population estimate
for all reefs. Speciﬁcall;r, observed density esti-
mates (individuals m™) were interpolated via

ECOSPHERE ** www.esajournals.org

THEUERKAUF ET AL.

ordinary kriging (Esri 2016) among sampled
locations to predict reef type-specific oyster den-
sities across the APES. Predicted oyster density
estimates for nonsampled reef locations were
then extracted from these continuous, interpo-
lated data and multiplied by reef area to generate
initial population estimates for each reef consid-
ered within the model domain (Fig. 1).

Estimating growth and survival transition
probabilities

Field-derived, oyster size structure data were
used to estimate reef type- and intra-annual-
specific growth and survival transition probabil-
ities. Specifically, for each reef type, oyster den-
sity data were averaged from all quadrats for a
given reef site for each sampling event and sub-
sequently partitioned into three size classes: (1)
recruit (LVL < 30 mm), (2) subadult (30 mm <
LVL < 75 mm), and (3) adult oysters (LVL > 75
mm; legally harvestable size). A linear opti-
mization approach was used to determine the
least-squares estimate for five growth and sur-
vival transition probabilities based on size class-
specific density data from time f and t + 1.
These five transition probabilities included the
probability of surviving and remaining in a size
class (i.e., recruit at ¢ to recruit at f + 1, subadult
at t to subadult at t + 1, adult at ¢ to adult at
t +1), and the probability of surviving and
growing into larger size classes (i.e., recruit at ¢
to subadult at t + 1, subadult at f to adult at
t +1; sensu Caswell 2001). To predict least-
squares size class-specific density estimates at
t + 1 and minimize the total sums of square dif-
ference between predicted and observed densi-
ties for the three size classes at t + 1, linear
optimization was used to adjust the five transi-
tion probabilities that were multiplied by the
observed size class-specific densities at t and
summed where appropriate. As transition prob-
abilities cannot exceed 1 (equivalent to 100%
survival), and cannot be less than 0 (e.g., 0%
survival), initial constraints within the linear
optimization for each of the five transition prob-
abilities were applied as 0.01 and 0.99. The sum
of the recruit at f to recruit at ¢t + 1, as well as
that for the recruit at t to subadult at t + 1, the
subadult at f to subadult at t + 1, and the suba-
dult at f to adult at t + 1, were constrained to be
no greater than 1.

July 2021 % Volume 12(7) % Article e03573



The efficacy of this method was evaluated by
comparing season-specific transition probabilities
determined empirically from a mark-recapture
study used previously to characterize transition
probabilities for subtidal oyster sanctuary reefs
(see Puckett and Eggleston (2012) for description
of methods), with those estimated using the linear
optimization method described above. The same
field-derived size structure data for subtidal sanc-
tuaries in the APES from Puckett and Eggleston
(2012) were used in both methods, providing a
standardized basis for comparison. Initial com-
parison of these transition probabilities identified
that linear optimization with wide constraints for
each possible transition probability (i.e., 0.01-0.99)
resulted in underestimates of various transition
probabilities relative to those determined from the
mark-recapture study. Thus, we subsequently
modified the constraints within the linear opti-
mization for all recruit and sublegal transitions to
reflect the minimum and maximum observed val-
ues for transition probabilities from the mark-re-
capture study (i.e., empirically derived spatially
and season-specific transition probabilities for six
oyster sanctuaries in the APES; Puckett and
Eggleston 2016). This resulted in narrower con-
straints for the various transition probabilities
within the linear optimization approach and
yielded an improved fit of estimated transition
probabilities derived from the mark-recapture
study (Appendix S1: Fig. S1). Since the intent was
to develop a universal method for using linear
optimization to estimate transition probabilities
for all reef types within our study system, we did
not constrain the adult transition (i.e., adult at ¢ to
the adult at ¢ 4+ 1) using minimum and maximum
observed values as harvest is not prohibited from
other subpopulations other than those located in
no-take sanctuaries. We also developed unique
transition probability estimates for intertidal natu-
ral reefs in Core vs. Pamlico Sounds since prior
research indicated significant differences in den-
sity and demographic rates between water bodies
(Theuerkauf et al. 2017). A summary of reef type-
and season-specific oyster growth and survival
transition probabilities used in model simulations
is included in Table 2.

Estimating fecundity

Size-specific oyster fecundity was estimated
from a previous study that quantified size class-
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specific mean total egg content (i.e., per capita
fecundity) of oysters (Mroch et al. 2012). Fecun-
dity estimates were generated from this dataset
for three size classes, that is, 0-30 mm (recruit),
30-75 mm (subadult), and 75+ mm (adult).
Specifically, randomly selected oysters (n = 2067)
were collected from six reef sites throughout the
APES during May and August 2006-2007. Oys-
ters were processed individually to determine
per capita fecundity following the general proce-
dures in Cox and Mann (1992). Mean per capita
fecundity was calculated for each oyster size
class across six reef sites to generate a mean per
capita fecundity for each of the three size classes,
and temporally corresponding with the primary
and secondary peaks in oyster reproductive out-
put for the APES (i.e, May-June and July-
August; Table 3). Males were included in the cal-
culations of mean per capita fecundity, thereby
incorporating the sex ratio of a given size class.
For a more detailed description of fecundity
methods, see Mroch et al. (2012).

Estimating larval connectivity

A coupled hydrodynamic and particle tracking
model that was validated was used to quantify
local larval retention and inter-reef larval connec-
tivity (Luettich et al. 2002, Haase et al. 2012, Puck-
ett et al. 2014). The hydrodynamic model was
forced with hourly wind velocities measured from
May through August 2012-2016 at Cape Hatteras
Meteorological Station. Water current velocities
were output from the model at hourly intervals
following an eight-day model spin-up. A total of
813,960 particles were tracked, including release
of nine particles from evenly spaced grid nodes
within each of 646 reefs at 24-h intervals over a
14-d period in late May and late July of each year
to coincide with the primary and secondary peaks
in oyster reproductive output in the APES (ie.,
252 particles/reef/year for a total of 1260 particles/
reef). Particles (hereafter “larvae”) were assumed
to be passive surface drifters and subjected to pre-
dicted surface currents. Previous research in this
shallow, well-mixed system revealed that connec-
tivity was driven primarily by location of natal
reef, date of spawning, and their interaction—lar-
val behavior and the number of larvae released
were of secondary importance (Puckett et al. 2014,
Puckett and Eggleston 2016). Moreover, as
described above, the APES is a shallow, wind-
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Table 2. Reef type- and seasonally specific transition probabilities utilized in model simulations.

Stage at t
May-June (spring) July-August (summer) September—April (fall/winter)
Stageatt + 1 Recruits Subadults Adults Recruits Subadults Adults Recruits Subadults Adults
Natural (subtidal)
Recruits 0.21 0 0 0.23 0 0 0.16 0 0
Subadults 0.29 0.70 0 0.58 0.65 0 0.38 0.49 0
Adults 0 0.08 0.58 0 0.01 0.22 0 0.23 0.07
Cultch (subtidal)
Recruits 0.21 0 0 0.23 0 0 0.21 0 0
Subadults 0.29 0.61 0 0.58 0.65 0 0.38 0.49 0
Adults 0 0.01 0.62 0 0.08 0.23 0 0.08 0.06
Sanctuary (subtidal)
Recruits 0.1 0 0 0.11 0 0 0.11 0 0
Subadults 0.45 0.71 0 0.73 0.72 0 0.08 0.71 0
Adults 0 0.1 0.87 0 0.11 0.79 0 0.49 0.04
Hardened shorelines
Recruits 0.21 0 0 0.08 0 0 0.21 0 0
Subadults 0.29 0.61 0 0.92 0.65 0 0.38 0.77 0
Adults 0 0.04 0.65 0 0.03 0.38 0 0.21 0.99
Natural (intertidal, Core
Sound)
Recruits 0.21 0 0 0.23 0 0 0.21 0 0
Subadults 0.29 0.61 0 0.58 0.77 0 0.42 0.49 0
Adults 0 0.05 0.68 0 0.01 0.36 0 0.09 0.01
Natural (intertidal, Pamlico
Sound)
Recruits 0.21 0 0 0.23 0 0 0.21 0 0
Subadults 0.29 0.61 0 0.77 0.77 0 0.71 0.77 0
Adults 0 0.02 0.99 0 0.02 0.99 0 0.02 0.01

Note: Transition probabilities represent the probability of surviving and remaining in a given size class or surviving and

growing into the next size class (sensu Caswell 2001).

Table 3. Size class-specific (i.e., 0-30 mm, 30-75 mm,
and 75+ mm) and seasonally explicit (i.e., May—June
and July—August) per capita oyster fecundity esti-
mates (no. of eggs/oyster) for oyster reefs in APES
used in metapopulation simulations (derived from
Mroch et al. 2012).

Season
Size class May-June July—August
0-30 mm 345.98 51.92
30-75 mm 7166.70 472.35
75+ mm 37,333.25 1737.92

driven lagoonal estuary with a well-mixed water
column and no distinct halocline for much of the
year (Reyns et al. 2007). Larvae were tracked
hourly over a 21-d larval duration. As described
in more detail below, three proportional daily lar-
val mortality rates were applied: 7.5%, 10%, and
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20% d™! to three unique metapopulation model
scenarios based on literature-derived relationships
between larval duration and mortality (Mann and
Evans 1998). Larvae were assumed competent to
settle from day 14 through day 21, after which lar-
vae remaining in the water column died (e.g.,
North et al. 2008, Puckett and Eggleston 2016).
Settlement was assumed to occur if larvae that
were competent to settle were located within reef
polygon boundaries.

Oyster metapopulation connectivity matrices
were generated for May-June and July-August
2012-2016 (i.e., 2 matrices/year X 5 yr = 10 con-
nectivity matrices). Matrix elements represent
the proportion of larvae released from a row-
referenced reef that settled in a column-
referenced reef. Local retention—the probability
of larvae spawned from a reef returning to settle
within their natal reef—was obtained from the
diagonal elements of the connectivity matrix.
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Inter-reef connectivity—the proportion of larvae
spawned from a reef that successfully settled in
any non-natal reef—was calculated by summing
each row of the connectivity matrix excluding
local retention.

Metapopulation model structure

We modified a size-structured, discrete-time
matrix metapopulation model originally devel-
oped by Puckett and Eggleston (2016) of the form,

n(t+1)=An(t)

where # is a vector containing the number of
individuals in each size class at time t and A is a
metapopulation projection matrix that represents
demographic transitions and per capita fecun-
dity (Caswell 2001). We divided n on the basis of
size classes where elements in vector n contained
the abundance of oysters in one of three size
classes: 0-30 mm (recruits), 30-75 mm (suba-
dults), and 75+ mm (adults, harvestable size).

The model time step was divided into three
intra-annual seasonal periods corresponding to
demographic sampling (see Estimating demo-
graphic rates via field sampling above) and oyster
biology (Puckett and Eggleston 2016). The pro-
jection matrix, A, was parameterized separately
for each season: ASP"™8&—1 May to 30 June corre-
sponding to peak oyster fecundity, A®"™™—1
July to 31 August corresponding to secondary
peaks in oyster fecundity, and AfVwinter_j
September to 30 April corresponding to no
fecundity. Growth and survival also differed in
each seasonal projection matrix (see description
of transition probabilities below). Projection
matrices did not vary inter-annually as reef type-
specific demographic data were pooled to ensure
sufficient sample sizes for estimating demo-
graphic parameters in A* (McMurray et al. 2010,
Puckett and Eggleston 2016).

Seasonal metapopulation projection matrices
were parameterized separately for each k reef
(Aj) and decomposed into the sum of two matri-
ces, T, and F;, where T} describes transition
probabilities in reef k during season x and F;
describes per capita fecundity in reef k during
season x. The diagonal elements of T} describe
the probability of individuals in reef k and size
class i surviving and remaining in size class i
(i-e., stasis; Pjy; Fig. 2), and the subdiagonal ele-
ments describe the probability of surviving and
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Larval pool

Larval pool

reef 2

Fig. 2. A simplified life cycle graph (adapted from
Puckett and Eggleston 2016) depicting the spatially
explicit, size-structured matrix metapopulation model
used in this study. Two subpopulations (separated by
dotted line) and three size classes (circles) are shown.
The model used in the present study consisted of 646
reefs and three size classes. Model parameters are as
follows: P; is the probability of surviving and remain-
ing in size class i; G; is the probability of surviving and
growing into size class j; F; is the per capita fecundity
of size class i; and my is the proportion of larvae
spawned in reef j that settle in reef k.

growing into size class j (Gix). Reef type- and
season-specific growth and survival transition
probabilities were estimated using the methods
described in Estimating growth and survival transi-
tion probabilities above. Elements along the first
row of F;, the only nonzero values in F, describe
per capita fecundity of individuals in reef k and
size class i (F; ). Elements of F; were adjusted for
density-dependent fertilization success based on
Levitan (1991) as follows:

% fertilization = 0.49 x D%72

where D is total oyster density per m>. Fertiliza-
tion success was capped at 100% in the event
oyster densities were sufficiently high to gener-
ate fertilization success >100%. The larvae
spawned from reef j were calculated as the pro-
duct of a reef’s per capita fecundity matrix (F})
and 1. Larvae were distributed among reefs
based on elements of the connectivity matrix, M,
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at time t. Elements of M describe the proportion
of larvae released from reef j that survive to settle
in reef j (m;, Fig. 2). Connectivity pathways
included both local retention and inter-reef con-
nectivity. Settlement occurred at the midpoint of
the model time step (i.e., ¢ + 0.5) and new settlers
in reef j survived to time t + 1 with probability
P;]- adjusted for half a time step (Caswell 2001,
Puckett and Eggleston 2016).

The complete metapopulation model, adapted
from Puckett and Eggleston’s (2016) original
model, was expressed as:

41 Ty - 0
NORIES IR I I
Teasirh) 0 - Tesgr
Py, (mi1F)) P} 46 (1m6a6,1Fag) M
)
P s (1,646 ;) -+ P} ga (a6 646 Feg) TMeas(t)

where N is metapopulation size at time ¢, ny is a
subvector containing the abundance of oysters in
each size class in reef k at time f, T} is a submatrix
representing the transition probabilities of each
size class in reef k at time t during season x, F; is a
submatrix representing the per capita fecundity of
each size class in reef k at time ¢ during season x,
and m;; and P;]» are defined as above (Lewis et al.
1997, Caswell 2001, Puckett and Eggleston 2016).
Population vectors at each reef, 1, were seeded
with reef-specific empirical estimates (or interpo-
lated for reefs not sampled) of an initial popula-
tion size based on oyster density and size
structure scaled to reef area (Table 1, see Estimat-
ing demographic rates via field sampling above).
Metapopulation abundance was projected over a
five-year period from May 2012 to April 2017.

Quantifying metapopulation and source—sink
dynamics

Overall metapopulation growth rate was cal-
culated as follows:

B 646 v M
ptt = 53010 (55

where (Acj(t)) is reef j's contribution to the
metapopulation at time ¢ (Figuiera and Crowder
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2006, Puckett and Eggleston 2016) and N(t) and
nj are defined above. Values of Ay(t) > 1 indi-
cate a persistent or expanding metapopulation
during time t, whereas Ay(t) < 1 indicates a con-
tracting metapopulation during time ¢. We gener-
ated a time-series plot to depict Ay across the
five-year model time frame.

Each reef’s contribution to the metapopulation
(i.e., subpopulation status as a net source or sink)
was calculated based on Figuiera and Crowder
(2006) as follows:

hej(t) = [Tinj| +

646 . .

where variables are defined as above and
Acj(t) > 1 indicates reef j functioned as a source
during time t and A¢ () < 1 indicates reef j func-
tioned as a sink during time ¢. By calculating reef
source-sink status in this manner, reefs are cred-
ited with births to any reef within the metapopu-
lation (including itself) and penalized for deaths
that occur within the reef. By this definition, a
source contributes positively to metapopulation
persistence regardless of whether local retention
is sufficient for self-persistence.

Metapopulation and source-sink dynamics
were evaluated under three distinct proportional
daily larval mortality rates: 7.5%, 10%, and
20% d', based on literature-derived relation-
ships between larval duration and mortality
(Mann and Evans 1998). As further described
below in Results, each larval mortality scenario
yielded widely varying metapopulation and
source-sink dynamic outcomes. We describe
each scenario and provide detailed descriptions
of the 10% proportional daily larval mortality
scenario that was chosen for more detailed simu-
lations based on agreement of the model output
with prior field-based observations.

Evaluating reef type- and size class-specific
population trajectories.—Time-series plots were
generated to depict reef type- and size class-
specific population trajectories. Specifically, the
mean per reef population size associated with a
given reef type and size class was plotted across
the five-year model time frame.

Evaluating spatiotemporal variation in source—sink
structure.—Box and whisker plots were generated
to depict season (i.e, May-June vs. July—August)
and reef type-specific source-sink status (i.e., A.),
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and a map depicted the frequency of A, > 1 at all
reefs across the five-year model time frame was
produced.

Estimating the degree and relative importance of
local larval retention vs. inter-reef connectivity.—The
degree and relative importance of local larval
retention and inter-reef connectivity for a given
reef type were based on the average percent of
larvae (i.e., across all 10 simulated dispersal
events) retained locally vs. exported between
reefs. Local larval retention includes all larvae
originating from a given reef that settle on the
same reef. Larval export includes all larvae origi-
nating from a given reef that settle on a different
reef. For those reefs exhibiting A, > 1, the average
percent of larvae retained locally vs. exported
between reefs for each level of frequency of A, >
1 (i.e, 10-50% of the 10 simulated dispersal
events) was evaluated to determine possible lar-
val connectivity-derived drivers of reefs identi-
fied as frequent population sources.

Assessing validity of model output.—Observed vs.
model predicted population sizes were compared
to quantitatively assess validity of model output
(Fig. 3). Specifically, estimates of observed popu-
lation size derived from field sampling of subtidal
natural and cultch reefs in August 2012 (Peters
et al. 2017), as well as subtidal sanctuary reefs in
August 2012 and 2013, and October 2014 (North
Carolina Division of Marine Fisheries, unpub-
lished data), were compared with estimates of
predicted population size derived from metapop-
ulation simulations corresponding to the same
time period in the present study. Because oyster
density estimates derived from field samplings at
different time points (i.e., 20062008 for subtidal
sanctuary reefs and 2014-2015 for intertidal natu-
ral and hardened shoreline reefs) were used to
parameterize the model, and the model time step
was initialized to May 2012, the above-stated
field-derived data represented the only available
data for valid comparison.

REsuLTs

Areal footprint, density, and population estimates
by reef type

In terms of areal footprint, subtidal natural oys-
ter reefs are the predominant reef type within the
APES, with an estimated 301 unique reefs encom-
passing an estimated total reef area of 934.27 ha
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Fig. 3. Relationship between observed and pre-
dicted population sizes at subtidal cultch (red circles),
subtidal natural (orange triangles), and subtidal sanc-
tuary reefs (yellow squares). Estimates of observed
population size are derived from field sampling of nat-
ural subtidal and cultch reefs in August 2012 and sanc-
tuaries in August 2012 and 2013, and October 2014.
Estimates of predicted population size are derived
from metapopulation model simulations correspond-
ing to the same time period in the present study (un-
der the 10% larval mortality d~' scenario). Solid line is
the best fitting linear regression, forced through the
origin.

(89.8% of total reef area; Table 1, Fig. 1). Subtidal
sanctuary reefs were the next largest reef type,
with the boundaries of these 14 reefs encompass-
ing a total reef area of 66.02 ha (6.3% of total reef
area). Subtidal cultch reefs were the third largest
reef type by total reef area, with an estimated 53
reefs encompassing 15.32 ha (1.5% of total reef
area). Intertidal natural reefs in Pamlico and Core
Sounds occupied similar total reef areas, with 59
intertidal natural reefs occupying 10.43 ha (1.0%
of total reef area) in Pamlico Sound, and 72 inter-
tidal natural reefs occupying 11.82 ha (1.1% of
total reef area) in Core Sound. Hardened shoreline
reefs occupied the smallest total reef area, with
149 hardened shorelines encompassing 2.69 ha
(0.26% of total reef area).

Average initial population densities were high-
est on intertidal natural reefs in Core Sound,
followed closely by subtidal sanctuary reefs
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(842 oysters m™2 and 670, respectively; Table 1).
Conversely, subtidal cultch reefs and intertidal
natural reefs in Pamlico Sound harbored moder-
ate population densities (152 oysters m™> and
121, respectively), whereas hardened shoreline
reefs and subtidal natural reefs harbored the
lowest population densities (69 oysters m™> and
61, respectively). When initial density was scaled
by reef area to estimate the initial population size
of individual reefs used to seed the metapopula-
tion model (see Estimating demographic rates via
field sampling above), the average initial popula-
tion size of subtidal sanctuary reefs was approxi-
mately one order of magnitude greater than the
next highest reef types, which were subtidal nat-
ural reefs and intertidal natural reefs in Core
Sound (Table 1). Subtidal cultch reefs and inter-
tidal natural reefs in Pamlico Sound contained
similar initial population sizes (average of
~400,000 individuals). Hardened shoreline reefs
contained the smallest initial population sizes
(average of ~70,000 individuals; Table 1).

The average initial size structure of subtidal
natural reefs and subtidal cultch reefs was com-
parable, with ~one-half of the population con-
tained within the subadult size class, ~one-third
of the population within the recruit size class,
and ~one-sixth of the population within the adult
size class (Table 1). Intertidal natural reefs in
Pamlico and Core Sounds contained similar aver-
age size structures to subtidal natural and cultch
reefs, with slightly greater populations of suba-
dults and recruits and less than one-tenth of the
population within the adult size class. Average
initial size structure of subtidal sanctuary reefs
contained ~one-quarter of the population within
the recruit size class, ~two-thirds of the popula-
tion within the subadult size class, and less than
one-tenth of the population within the adult size
class. Hardened shoreline reefs contained an
average initial size structure with ~two-thirds of
the population within the subadult size class,
~one-third within the adult size class, and less
than one-twentieth of the population within the
recruit size class.

Larval connectivity

Variability in the dominant wind direction
during the two primary spawning periods for
oysters in Pamlico Sound (i.e., May-June and
July—August 2012-2016) yielded widely varying
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larval dispersal patterns. We used a residual
sums of square (RSS) analysis of average fre-
quencies for wind speed and direction (ie.
across 5m s~ speed bins and 10° directional
bins; sensu Puckett et al. 2014) to determine
times of average wind conditions when the RSS
was lowest, and highest RSS to determine
anomalous wind conditions. Based on this analy-
sis, winds within the APES were predominately
southwesterly (toward northeast) at mean speeds
of 4-5ms™'. Average wind conditions from
2012 to 2016 were best represented by July—
August 2013, and larval dispersal patterns dur-
ing this time largely reflected northeast transport
of larvae (Fig. 4). The period of May—June 2012
represented anomalously strong and variable
northeasterly winds (toward southwest), with
dispersal patterns displaying highly variable
directionality of larval connections between natal
and settled reefs (Fig. 5). The period July-August
2012 represented the strongest and most frequent
southwesterly winds (toward northeast), and
dispersal patterns reflected strong larval trans-
port from southern natal reefs in the APES
toward northeastern reefs (Fig. 6). Additional
figures depicting larval connectivity during the
other dispersal periods are included in the Sup-
porting Information (Appendix S1: Figs. 52-S8).

Larvae were more frequently exported to dif-
ferent reefs than they were retained locally
(Table 4). On average, ~0.4% of larvae were
retained locally (i.e., all larvae originating from a
given reef that settle on the same reef), whereas
~18% of larvae were exported (i.e., all larvae orig-
inating from a given reef that settle on a different
reef). Natural subtidal reefs exported the greatest
percentage of larvae to other reefs (~26%), fol-
lowed by subtidal cultch and sanctuary reefs.
Hardened shorelines and natural intertidal reefs
in Pamlico Sound exported similar amounts of
larvae and retained very few locally. Natural
intertidal reefs in Core Sound exported the low-
est percentage of larvae to other reefs (~5%).

Metapopulation status and source—sink dynamics
Variation in proportional daily larval mortality
rates between 7.5%, 10%, and 20% d! yielded
widely varying outcomes for total metapopula-
tion abundance (Appendix S1: Fig. S9). The
7.5% d~! larval mortality rate yielded a rapidly
growing metapopulation (Appendix S1: Fig. S9a),
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Fig. 4. Map depicting larval dispersal patterns during a period of average wind conditions (i.e., predominantly
southwesterly winds, toward northeast) during July—August 2013. Lines depict connections between natal and
settled reef locations (arrowheads point toward settled reef locations). Note that lines depict the least-cost path
between reefs and not the actual dispersal path, and only a random subset (5%) of all connections are shown for

illustrative purposes.

the 10% d™' larval mortality rate yielded a gener-
ally stable, but slightly declining metapopulation
(Appendix S1: Fig. S9b), whereas the 20% d7! lar-
val mortality rate yielded a rapidly declining
metapopulation (Appendix S1: Fig. S9c). As the
10% d™' larval mortality rate yielded overall
metapopulation trends that most closely aligned
with field-based observations (e.g., episodic recruit-
ment on hardened shorelines, Theuerkauf et al.
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2017; Fig. 3), we present figures depicting reef type-
and size class-specific population trajectories by
applying a 10% d™" larval mortality rate (Fig. 7).
Population trajectories and metapopulation sum-
mary statistics applying 7.5% and 20% d~' larval
mortality rates are provided in the Supporting
Information (Appendix S1: Figs. S10-S23).

Overall oyster population trends by reef type
showed an overall slight decline across reef types
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» Connected Reefs, May-June 2012
Reef Type
+  Cultch (Subtidal)
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Fig. 5. Map depicting larval dispersal patterns during a period of anomalously strong northeasterly winds (to-
ward southwest) during May—June 2012. Lines depict connections between natal and settled reef locations (ar-
rowheads point toward settled reef locations). Note that lines depict the least-cost path between reefs and not the
actual dispersal path, and only a random subset (5%) of all connections are shown for illustrative purposes.

(Fig. 7; Appendix S1: Fig. S24); however, spa-
tiotemporal variation in recruitment yielded sub-
stantial differences in population trajectories
(Fig. 7; Appendix S1: Fig. 525). For example, the
population trajectory for subtidal natural and
cultch reefs (Fig. 7A,B; Appendix S1: Fig. S25)
was oscillatory in response to consistently high
recruitment, but was generally stable across time
around a mean population size. In contrast, the
population trajectory for hardened shorelines
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and intertidal natural reefs in Pamlico Sound
(Fig. 7D,E; Appendix S1: Fig. S25) showed an
overall decline with punctuated increases in
response to episodic recruitment. Spatiotemporal
variation in recruitment patterns was generally
manifested in subadult and adult size classes in
subsequent time steps (Fig.7; Appendix S1:
Figs. 526, S27). For example, substantial recruit-
ment on hardened shorelines during the May-
June recruitment event of 2014 (Fig. 7D;
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» Connected Reefs, July-August 2012
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Fig. 6. Map depicting larval dispersal patterns during a period of anomalously strong southwesterly winds
(toward northeast) during July—-August 2012. Lines depict connections between natal and settled reef locations
(arrowheads point toward settled reef locations). Note that lines depict the least-cost path between reefs and not
the actual dispersal path, and only a random subset (5%) of all connections are shown for illustrative purposes.

Appendix S1: Fig. 525) yielded increases in suba-
dult (Appendix S1: Fig. 526) and adult (Appen-
dix S1: Fig. S27) populations on hardened
shorelines in the subsequent time steps. In con-
trast, periods of low recruitment yielded
decreases in subadult and adult populations. For
example, low levels of recruitment on hardened
shorelines in 2015 (Fig. 7D; Appendix S1:
Fig. S25) yielded declining subadult (Fig. 7D;
Appendix S1: Fig. S26) and adult (Fig. 7D;
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Appendix S1: Fig. 527) populations. The excep-
tion to this pattern occurred on subtidal sanctu-
aries where subadult (Fig. 7C; Appendix Sl:
Fig. 526) and adult (Fig. 7C; Appendix S1:
Fig. S27) dynamics were not as oscillatory in
response to variation in recruitment patterns
(Fig. 7C; Appendix S1:  Fig. S25). Overall
metapopulation growth rate (Ay) exceeded 1
during all model time steps corresponding to the
peak primary spawning event (May-June), but
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Table 4. Average percent of larvae (i.e., across all 10
simulated dispersal events) retained locally vs.
exported between reefs.

Local retention ~ Larval export

Reef type (Oo) (00)
Overall 0.38 17.66
Natural (subtidal) 0.64 26.03
Cultch (subtidal) 0.10 23.77
Sanctuary (subtidal) 0.71 19.76
Hardened shorelines 0.06 8.35
Natural (intertidal, Core 0.41 5.33
Sound)
Natural (intertidal, Pamlico 0.01 7.17
Sound)

Notes: Local larval retention includes all larvae originating
from a given reef that settle on the same reef. Larval export
includes all larvae originating from a given reef that settle on
a different reef.

was less than 1 during all other model time steps
(i.e., indicative of a nonpersistent metapopula-
tion; Appendix SI: Fig. S528).

Source-sink status (A.) of reefs varied widely by
reef type and between the May—June and July—
August spawning peaks for oysters in Pamlico
Sound (Fig. 8; Appendix S1: Fig. 529). During pri-
mary spawning and recruitment periods in May—
June, subtidal sanctuaries were the only reef type
with a mean A, exceeding 1, indicating many sanc-
tuaries served as metapopulation sources (Fig. 8).
Some subtidal natural and cultch reefs served as
sources, whereas fewer intertidal natural reefs in
Pamlico and Core Sounds served as sources. No
hardened shorelines functioned as sources during
the May—June time steps. During secondary
spawning and recruitment periods in July—
August, only a small portion of subtidal sanctuar-
ies, intertidal natural reefs in Core Sound, and
hardened shorelines functioned as episodic
sources (Table 5; Appendix S1: Fig. 529).

Reefs serving as frequent sources to the
metapopulation (i.e.,, high frequency of i.> 1
across model time steps) were generally located
in the northeastern portion of Pamlico Sound
(Fig. 9). Other frequent sources were distributed
widely throughout Pamlico Sound, often in cen-
tral locations within the sound and not within
embayments. Subtidal sanctuaries were the most
frequent sources to the metapopulation (Table 5),
followed by natural subtidal reefs and subtidal
cultch reefs. Natural intertidal reefs and hard-
ened shorelines were occasional sources. Of the
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reefs that served as frequent sources, local larval
retention was generally greater than average
(e.g., ~2% and ~3% vs. ~0.5%) and larval export
was also generally greater than average (>22%
vs. ~18%).

DiscussioN

We integrated demographic rates and disper-
sal to simulate dynamics of an entire oyster
metapopulation. Using this modeling frame-
work, we answered three broad questions, each
with important implications for conservation
and management. (1) What is the relative impor-
tance of no-harvest sanctuary oyster reefs to the
overall metapopulation? Sanctuaries served as
the most frequent subpopulation sources, con-
tributing disproportionately to the metapopula-
tion relative to their reef footprint. Representing
only 6.2% of the total reef area, sanctuaries har-
bored 19% (£2) of all oysters and produced 25%
(£6) of all larvae that settled within the metapop-
ulation. In contrast, subtidal natural reefs, the
predominant reef type and open to harvest,
accounted for 90% of total reef area, yet harbored
only 70% (£2) of all oysters and produced 68%
(£8) of all larvae that settled within the metapop-
ulation. (2) Is there consistency in source—sink
structure in space and time that could inform
conservation and management? Source-sink sta-
tus of reefs varied widely in space and time,
although some generalities emerged. Reefs serv-
ing as frequent sources were generally located in
the northeastern portion of the study system
where hydrodynamics enhanced larval connec-
tivity. Interestingly, given their highly degraded
state and poor demographics, natural subtidal
reefs were the second most frequent sources
among all reef types. Management to restore
and/or protect from harvest these source subtidal
natural reefs may promote metapopulation per-
sistence. (3) Are metapopulation dynamics dri-
ven more by inter-reef larval export or local
larval retention processes and associated sub-
population (i.e., reef) demographic rates? Rates
of inter-reef larval connectivity far exceeded rates
of local retention, suggesting that larval connec-
tivity is likely a more important driver of
metapopulation dynamics than subpopulation
demographics within this system (Figueira 2009).
Restoration of new subtidal cultch reefs or
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establishment of additional sanctuaries should
explicitly consider larval connectivity in their
design.

This study provides five major insights that
build on and extend previous findings regarding
marine metapopulations. First, the rates and
extent of population connectivity via larval dis-
persal have previously been identified as crucial
in determining whether metapopulation structure
actually exists (Kritzer and Sale 2006). Within the
present study, the network of oyster reef subpop-
ulations was found to be buffered and subsidized
through larval dispersal, which is consistent with
the notion of an asynchronous oyster metapopula-
tion in space and time. Second, the challenge in
specifying causes of recruitment variation within
a metapopulation is generally due to the inability
to specify either the spatial scale over which sub-
populations are interconnected, or the extent of
recruitment subsidies to each subpopulation due
to contributions from other sources (Kritzer and
Sale 2006). The spatial domain in the present
study encompassed all known potential sources
of oyster larvae within the estuarine metapopula-
tion (646 reefs; area of ~7800 km?), and larval
connectivity matrices were generated that charac-
terized the frequency of local retention vs. larval
subsidy among subpopulations (i.e., ~0.5% vs.
~18%). Third, there are very few examples of
metapopulation studies in which the relative
importance of within-patch demographic rates vs.
larval connectivity to metapopulation dynamics is
demonstrated (Figueira 2009, Puckett and Eggle-
ston 2016, Castorani et al. 2017 and references
therein). For example, Figueira (2009) evaluated
the relative importance of connectivity vs.
subpopulation-scale demography by applying a
spatially explicit, age-structured simulation model
to a coral reef fish (damselfish, Stegastes partitus)
metapopulation in the Florida Keys, USA (Crow-
der and Figueira 2006, Figueira et al. 2008). Elas-
ticity analyses in Figueira (2009) indicated that
patch-scale (i.e., subpopulation) contributions as a
source or sink were more sensitive to demo-
graphic parameters (particularly survival) than
larval connectivity. Castorani et al. (2017) quanti-
fied metapopulation connectivity of a marine
foundation species (giant kelp, Macrocystis pyri-
fera) across 11 yr and approximately 900 km of
coastline in California, USA, by estimating popu-
lation fecundity with satellite imagery and
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propagule dispersal using a high-resolution ocean
circulation model. They varied the temporal com-
plexity of different connectivity measures and
determined that fluctuations in population fecun-
dity, rather than fluctuations in dispersal, were
the dominant driver of variation in connectivity
and metapopulation recovery and persistence. In
the present study, the overall pattern of oyster
metapopulation decline with slight recovery fol-
lowing the spawning peak of oysters in May—June
suggests that larval connectivity, in combination
with relatively high fecundity in no-take sanctuar-
ies during the initial spawning peak of oysters,
appears more important than patch-scale demo-
graphic rates such as growth and survival to
metapopulation dynamics. The previous and
related studies (e.g., Aiken and Navarrette 2011,
Carroll et al. 2020) highlight the importance of
considering both larval connectivity and subpop-
ulation demographic variability when characteriz-
ing metapopulation and source-sink dynamics.
Fourth, spatiotemporal variation in hydrodynam-
ics (Watson et al. 2012), environmental variables
(Aiken and Navarrette 2011), and subpopulation
demographic rates (Figueira 2009) can drive varia-
tion in source-sink structure. An important contri-
bution of the present study is the characterization
of both variation and relative consistency in
source-sink structure of the oyster metapopula-
tion in Pamlico Sound, North Carolina, USA.
Information on consistency in source-sink struc-
ture in marine metapopulations is scarce, yet is
important to guiding management, conservation,
and restoration efforts. Lastly, climate change,
species range shifts, and human impacts such as
overfishing and habitat alteration will likely alter
larval connectivity and subpopulation demo-
graphics of many marine species. The empirically
grounded, metapopulation modeling approach
used in this study can be applied to conservation
and restoration efforts optimized to future scenar-
ios, such as the recent application in California,
USA, to evaluate the impact of reserve network
design on the resiliency of fisheries to the effects
of climate change (Rassweiler et al. 2020).

Oyster metapopulation and source—sink dynamics
Overall metapopulation trends—The 10% d™'
larval mortality rate yielded an overall stable,
yet slightly declining metapopulation (Fig. 7G).
Increases in overall metapopulation abundance
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the five-year model time frame under the 10% larval mortality d~" scenario. Points represent the average popula-
tion size on a given reef type by size class (A-F), and the overall metapopulation size by size class (G), at a given

time step.
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Fig. 8. Source-sink status (A.) of each reef (by reef type) during each May-June time step between 2012 and
2016 under the 10% larval mortality d™" scenario. A, > 1 indicates a given reef functioned as a source during time
t, and A, < 1 indicates a given reef functioned as a sink during time ¢.

corresponded with the period following the pri-
mary spawning peak (i.e., May-June) within the
system. Increases in recruit abundance after the
spawning peak were followed in subsequent
periods with increases in subadult and adult
abundance corresponding with survival and
growth of individuals into the next size class.
The overall pattern of metapopulation decline
with slight recovery following the spawning
peak (Appendix S1: Fig. S9b) is indicative of the
importance of recruitment within the system—a
finding consistent with previous studies (e.g.,
Caley et al. 1996). The patterns of the overall
metapopulation growth rate (A provide fur-
ther support for this notion (Appendix SI:
Fig. S528), wherein Ay exceeds 1 and the
metapopulation size increases only in the period
following the primary spawning peak. These
findings, wherein a network of oyster reef
subpopulations was buffered and subsidized
through larval dispersal, lend strong support to
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the notion of a spatial and temporal, asyn-
chronous oyster metapopulation within the
APES (sensu Levins 1969).

Subpopulation trajectories.—Overall oyster sub-
population trends by reef type exhibited an
overall slight decline across reef type (Fig. 7),
and spatiotemporal variation in recruitment
generally impacted population trajectories.
Subtidal natural and cultch reefs generally
received consistent recruitment during the
annual primary and secondary spawning peaks
(Fig. 7A,B; Appendix S1: Fig. S25). Other reef
types, such as hardened shorelines and inter-
tidal natural reefs in Pamlico Sound (Fig. 7D,E;
Appendix S1: Fig. S525), received episodic
recruitment—a finding consistent with a field-
based study that examined oyster density and
demographic rates on hardened shorelines and
intertidal natural reefs in Pamlico Sound
(Theuerkauf et al. 2017). The spatial distribution
of reef types yielded a substantial influence on
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Table 5. Total number of reefs of a specific reef type associated with a A, > 1 (i.e., A, > 1 indicates a given reef

functioned as a source during time t) at varying frequencies.

Local

Frequency of retention Larval

Ae > 1 (%) (%) export (%) Reef type

50 1.51 24.36 One natural subtidal reefs, three sanctuaries

40 2.50 24.89 Seven natural subtidal reefs, four sanctuaries

30 0.24 27.61 25 natural subtidal reefs, four cultch reefs, four sanctuaries, two hardened

shorelines

20 1.36 26.87 29 natural subtidal reefs, five cultch reefs, one sanctuary, three natural intertidal
reefs (Core Sound), five hardened shorelines

10 0.38 22.05 53 natural subtidal reefs, 17 cultch reefs, four natural intertidal reefs (Pamlico

Sound), 22 natural intertidal reefs (Core Sound), 16 hardened shorelines
All 0.70 24.21 115 natural subtidal reefs (38%), 12 sanctuaries (86%), 26 cultch reefs (49%), 23

hardened shorelines (15%), 25 natural intertidal reefs (Core Sound; 35%), four

natural intertidal reefs (Pamlico Sound; 7%)

Notes: For each level of frequency of A. > 1, the corresponding average percent of larvae retained locally vs. exported
between reefs is provided. Local larval retention includes all larvae originating from a given reef that settle on the same reef.
Larval export includes all larvae originating from a given reef that settle on a different reef.

recruitment patterns. For example, subtidal nat-
ural and cultch reefs, which are distributed con-
sistently throughout the APES, generally receive
regular recruitment (Fig. 7A,B; Appendix S1:
Fig. S25). Conversely, hardened shorelines,
which are concentrated primarily along the east-
ern shore of Pamlico Sound, received substan-
tial, episodic recruitment following the May-
June 2014 spawning event (Fig. 7D; Appendix
S1: Fig. 525), which corresponded with a period
of strong southwesterly winds (Appendix SI:
Fig. S3). Observed spatiotemporal variation in
recruitment patterns generally led to similar
subsequent patterns in subadult and adult size
classes (Fig. 7; Appendix S1: Figs. 526, S527).
Variation in oyster demographics (i.e., growth
and survival transition probabilities; Table 2)
also yielded varied subpopulation-level out-
comes by reef type. For example, while subtidal
natural reefs exhibited substantial, oscillatory
population booms and busts (Fig. 7A; Appendix
S1: Fig. 527), the improved demographics (i.e.,
growth and survival transition probabilities)
associated with subtidal sanctuaries (Fig. 7C;
Appendix S1: Fig. S27) yielded subpopulations
less directly impacted by recruitment variation.
The less oscillatory subadult (Fig. 7C; Appendix
S1: Fig. S26) and adult (Fig. 7C; Appendix S1:
Fig. 527) subpopulations on subtidal sanctuaries
in response to variation in recruitment patterns
(Fig. 7C; Appendix S1:  Fig. S25) provide
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evidence of the buffering capacity of no-take,
sanctuary subpopulations and an ability to with-
stand periods of reduced recruitment. This find-
ing is consistent with field-based observations of
these protected reefs within the system (Puckett
and Eggleston 2012).

Spatiotemporal wvariation in oyster source-sink
dynamics.—Source-sink status (A.) of reefs varied
widely by reef type and between the May-June
and July—August spawning peaks in the APES
(Fig. 8; Appendix S1: Fig. S529). During the pri-
mary spawning event (May—June), subtidal sanc-
tuaries were the only reef type with a mean A,
exceeding 1 (i.e., on average, subtidal sanctuaries
function as sources; Fig. 8). The larger initial
population size (Table 1) and enhanced demo-
graphic rates (Table 2) relative to other reef types
likely allowed subtidal sanctuaries to function as
sources. Some subtidal natural and cultch reefs,
and even fewer intertidal natural reefs in Pamlico
and Core Sounds, served as sources during the
May-June time steps (Fig.8). For the July-
August oyster spawning periods, no reef types
had a mean A, exceeding 1, although infre-
quently, subtidal sanctuaries, intertidal natural
reefs in Core Sound, and hardened shorelines
functioned as sources (Appendix S1: Fig. 529).
Reefs serving as sources likely exhibited high
population sizes (i.e., greater fecundity and asso-
ciated larval output), enhanced demographic
rates (e.g., enhanced survival), and/or ideal
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Fig. 9. Frequency of A. > 1 at all reefs across the five-year model time frame under the 10% larval mortality

d! scenario. A. > 1 indicates a given reef functioned as a
functioned as a sink during time t. Green dots represent

source during time f, and A, < 1 indicates a given reef
frequent source reefs (i.e., A, > 1 31-50% of the time),

and red dots represent sink reefs (i.e., A, > 10% of the time).

geographic placement (e.g., along dispersal path-
ways that connected multiple reefs) relative to
reefs serving as sinks.

Frequent source reefs (i.e., high frequency of
A.>1 across recruitment events) exhibited
greater rates of both larval export and local reten-
tion relative to other reefs. For example, for reefs
where A\, > 1 occurred 50% of the time, ~24% of
larvae were exported to other reefs relative to
~18% exported for all reefs, and ~2% of larvae
were retained locally relative to ~0.5% retained
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locally for all reefs (Tables 4, 5). As frequent
source reefs were generally located in the north-
eastern portion of Pamlico Sound (Fig. 9), it is
likely that these reefs are located along dispersal
pathways that enhance potential connectivity.
The process underlying enhanced local retention
for frequent source reefs is unknown; however,
hydrodynamic, semi-diurnal seiching within the
APES after wind events (Luettich et al. 2002)
may reduce dispersal distances in northeastern
Pamlico Sound and promote greater local
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retention. Further evaluation of the biophysical
processes underlying larval export and local
retention is warranted. Additionally, while this
study provides evidence that reefs throughout
Pamlico Sound are well-connected over the scale
of multiple years, larval dispersal distances in
this system generally range from 1 to 40 km
(Puckett et al. 2014, Kroll et al. 2018) such that
connectivity may be concentrated in subregions
of Pamlico Sound where reefs are concentrated
(e.g., southwestern vs. northeastern; Figs. 4-6).
Future work using a graph-theoretic approach
(sensu Treml et al. 2007) to identify regional
graph components, as well as stepping stones
that promote sound-wide connection, may be
warranted.

Processes  underlying  oyster  metapopulation
dynamics and sourcesink structure.—Inter-reef lar-
val export substantially impacted metapopula-
tion dynamics relative to local larval retention.
Across all reefs, ~18% of larvae originating from
a given reef successfully settled on a different
reef (Table 4). This value ranged from as high as
~26% for natural subtidal reefs to a low of ~5%
for natural intertidal reefs in Core Sound. The
geographic distribution of reefs of differing reef
types likely contributed to variation in inter-reef
larval connectivity. For example, natural subtidal
reefs are distributed homogeneously throughout
the APES; however, natural intertidal reefs and
hardened shorelines are limited to shoreline loca-
tions. The magnitude of local retention was
lower than inter-reef larval export (e.g., ~0.5% vs.
~18%) due to average dispersal distances (1-
40 km) relative to average reef area (0.02 km?),
and likely yielded less impact on metapopulation
dynamics. Inter-reef larval connectivity and local
retention rates were substantially higher in the
present study (~18% and ~0.5%, respectively)
than in a previous study that examined inter-reef
larval connectivity and local retention of 10 subti-
dal sanctuaries within the APES (~0.1% and
~0.3%, respectively; Puckett and Eggleston 2016).
The elevated inter-reef larval connectivity and
local retention rates observed in the present
study are due to the inclusion of all known reefs
within the system relative to the previous study
that included only subtidal sanctuaries (i.e.,
greater probability of larvae originating from a
given reef encountering and settling in a different
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reef when connections between all reefs are pos-
sible).

Given the high rates of inter-reef larval connec-
tivity relative to local retention observed in the
present study; it is probable that larval connectiv-
ity is a more important driver of metapopulation
dynamics than subpopulation demographics
within this system. High levels of inter-reef larval
connectivity decouple subpopulation reproduc-
tion and recruitment (i.e., reefs are less depen-
dent upon recruitment derived from local
retention; Warner and Cowen 2002, Figueira
2009). For example, Figueira (2009) documented
a declining importance of demographic rates on
metapopulation dynamics at low levels of local
retention. Conversely, when local retention is
equivalent or greater than larval import from
other reefs, subpopulation demographic rates
(e.g., growth and survival) are potentially more
important drivers of metapopulation dynamics
than larval import. However, to quantitatively
evaluate the relative importance of (1) within-
reef demographics, (2) local retention, and (3)
inter-reef larval connectivity on metapopulation
dynamics and source-sink dynamics (i.e., A.),
elasticity analyses are needed and are the subject
of ongoing research (Theuerkauf et al., unpub-
lished data). Elasticity values represent the pro-
portional contribution of each model parameter
to A. by assessing how A, changes in response to
proportional perturbations of model parameters
(e.g., increase/decrease by 5%; Puckett and
Eggleston 2016).

Although it appears that inter-reef larval con-
nectivity is a more substantial driver of metapop-
ulation dynamics within this system than
subpopulation demographic rates, the role of
demographics on metapopulation dynamics was
still evident. For example, 12 of 14 (86%) subtidal
sanctuaries with enhanced growth and survival
relative to other reef types served as metapopula-
tion sources. A much lower proportion (7-49%)
of other reef types served as subpopulation
sources due to reductions in demographic rates
(survival and growth) relative to sanctuaries
(Table 5). Heightened vertical relief, protection
from fishery harvest, and placement within areas
of suitable habitat are likely contributing factors
to the capacity of subtidal sanctuaries to serve as
sources (Lenihan 1999, Schulte et al. 2009,
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Puckett and Eggleston 2012, Peters et al. 2017,
Puckett et al. 2018). Fishing mortality, reduced
vertical relief, and reduced habitat quality likely
contribute to the poorer demographic rates of
other reef types (Lenihan 1999, Peters et al. 2017).

Caveats regarding model assumptions

Several assumptions were made to simplify the
metapopulation model applied in the present
study. First, to estimate reef type- and season-
specific growth and survival transition probabili-
ties, we averaged oyster density data from all
sampling quadrats for a given reef site for each
sampling event, and subsequently partitioned
density estimates into three size classes. We then
pooled these data and applied a linear optimiza-
tion approach to determine the least-squares esti-
mate for five growth and survival transition
probabilities based on size class-specific density
data from time ¢ and t + 1. This approach allowed
for estimation of reef type- and season-specific
variation in growth and survival transition proba-
bilities, yet did not allow for variation in transition
probabilities within a reef type or season.

Second, distinct proportional daily larval mor-
tality rates: 7.5%, 10%, and 20% d, yielded
widely varying metapopulation and source—sink
dynamic outcomes. Although population trajec-
tories and metapopulation summary statistics
under the 7.5% and 20% d~' larval mortality
rates are provided (Appendix S1: Figs. S10-523)
to show the range of possible metapopulation
outcomes, the 10% proportional daily larval mor-
tality scenario qualitatively aligned with prior
field-based observations. Given the impact of this
parameter on metapopulation outcomes, further
field-based evaluation of proportional daily lar-
val mortality rates within the APES is warranted.

Third, larval dispersal was modeled as passive
drift driven solely by surface currents despite
evidence that oyster larvae migrate vertically
and are generally distributed in the water col-
umn according to their ontogenetic stage (Car-
riker 1951, Dekshenieks et al. 1996, Puckett and
Eggleston 2016). Given the well-mixed nature of
the APES, it is unclear what water column fea-
tures oyster larvae might respond to (if any) to
regulate their depth, other than a general ontoge-
netic shift toward deeper depths as sinking
speeds exceed swimming speeds (Dekshenieks
et al. 1996). In our study system, larval dispersal
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and connectivity were more sensitive to location
and the date of spawning than to larval behavior
(Puckett et al. 2014). Including larval behavior
may have reduced dispersal distances, thereby
increasing local retention, decreasing inter-reef
connectivity, and increasing importance of sub-
population demographics ultimately influencing
our projection of metapopulation abundance
(North et al. 2008, Puckett et al. 2014, Puckett
and Eggleston 2016).

Management and broader implications

The present study provides strong evidence
for the management of oysters within the APES
as an interconnected metapopulation driven lar-
gely by inter-reef larval connectivity—larvae
were more frequently exported to different reefs
than they were retained locally. Thus, oyster
restoration and conservation strategies within
the APES that focus on creating new reefs in
areas that maximize inter-reef connectivity (e.g.,
Puckett et al. 2018) are likely to be most effective.
Subtidal sanctuaries served as the most frequent
subpopulation sources to the metapopulation,
likely due to a combination of their high subpop-
ulation sizes, enhanced demographic rates, and
optimal geographic placement to enhance inter-
reef connectivity relative to reefs serving as sinks.
Sanctuaries also hosted more stable subadult and
adult subpopulations on subtidal sanctuaries,
allowing them to remain resilient to periods of
reduced recruitment. These findings are consis-
tent with previous studies documenting the
value of no-harvest marine protected areas (e.g.,
Agardy 1994, Botsford et al. 2009, Schulte et al.
2009). Continued protection of subtidal sanctuar-
ies from fishery harvest and construction, or
enhancement of additional sanctuaries in areas
likely to promote inter-reef connectivity, should
be a management priority within this system
(e.g., Puckett and Eggleston 2016). Additionally,
as some subtidal natural and cultch reefs served
as frequent sources to the metapopulation, this
study provides evidence of the potential
metapopulation source value of fished reefs that
should be accounted for in fishery management
plans.

Another key finding concerns the importance
of the spawning peak in May-June for the oyster
metapopulation. Given that overall metapopula-
tion growth rate (A) only exceeded 1 during the
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peak primary spawning season (May-June), and
was less than 1 during all other model time steps,
recruitment failure during May—June could lead
to a declining metapopulation if persistent over
time (e.g., due to changes in water quality,
temperature-induced changes in spawning).
Moreover, metapopulation dynamics were very
sensitive to larval mortality rate. Future studies
should examine the potential impacts of warm-
ing oceans, declining pH, and variable salinities
on spawning periodicity, larval survival, and
overall recruitment success given the relative
importance of the May—June spawning period to
overall metapopulation dynamics.

Conclusions

The present study applied an empirically
based, metapopulation modeling framework to
simulate an entire oyster metapopulation to
understand underlying source-sink dynamics.
The metapopulation appeared too reliant on
highly disturbed and harvested natural reefs to
persist over time. Efforts to restore (i.e., cultch
reefs) and restore + protect (i.e., subtidal sanctu-
ary reefs) have been successful, but likely insuffi-
cient in quantity to promote metapopulation
persistence. Within the large wind-driven estu-
ary examined in the present study, inter-reef lar-
val connectivity was the major driver of oyster
metapopulation dynamics and reef-specific pop-
ulation sizes, demographics, and location appear
to jointly determine source—sink status. No-take
oyster sanctuaries disproportionately served as
metapopulation sources (86% were consistent
sources), highlighting the importance of these
protected reefs in supporting the metapopula-
tion. Oyster management efforts should aim to
protect and restore frequent source subpopula-
tions while managing harvest from sink subpop-
ulations.
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