
ABSTRACT 

PUCKETT, BRANDON JOEL. Metapopulation Dynamics of a Marine Reserve Network: 
Interacting Effects of Demography and Connectivity. (Under the direction of Dr. David 
Eggleston). 
 

Population dynamics are governed by four demographic rates: births, deaths, 

immigration, and emigration. Populations of many species exist as spatially separated 

subpopulations that are connected by migration (e.g., larval dispersal), forming a 

metapopulation. Understanding how these four demographic rates and their interactions drive 

metapopulation dynamics is the focus of this dissertation, with application to assessing the 

efficacy and design of a network of no-take marine reserves. Marine reserve networks, 

multiple reserves connected by larval dispersal, have proliferated globally in response to 

declining fisheries and loss of biodiversity. The metapopulation concept is a central tenet of 

effective reserve networks; however, limited data on spatiotemporally explicit demographic 

rates and connectivity of target species often precludes application of this concept to assess 

and design reserve networks. 

Using a network of marine reserves designed to restore subpopulations of eastern oyster 

(Crassostrea virginica) in Pamlico Sound, North Carolina, USA as a model system, I first 

quantified spatiotemporal variation in oyster demographic rates—recruitment, growth, and 

survival—within reserves. From 2006 to 2008, average oyster recruitment and total density 

increased fifteen- and five-fold, respectively, supporting the ability of reserves to rapidly 

increase density of protected species. The unprecedented high oyster densities in certain 

reserves (up to 6,500/m2) modified demographic rates such that further density increases may 

be regulated by density-dependent survival. Oyster demographic rates varied significantly 

among reserves. Certain reserves were the strong “recruiters”, others the fast “growers”, and 



yet others the high “survivors”. This demographic mosaic, which may serve as a 

metapopulation bet hedging strategy buffering biotic and abiotic variability, highlights the 

need for spatially explicit demographic data to support varying management objectives.   

Patterns of larval dispersal and connectivity, and their drivers were quantified using a 

biophysical model. The location (i.e., natal reserve) and timing of spawning relative to 

physical processes, particularly frequency of wind reversals, were the dominant drivers of 

larval dispersal and reserve connectivity. To a lesser extent, larval behavior and mortality 

modified dispersal and connectivity. Over a 21 day larval duration, particles dispersed a 

mean distance of 2 to 75 km over an area covering 2 to 471 km2. Local retention of passive 

surface particles was typically small in magnitude (median <1%) such that immigration 

exceeded local retention (i.e., reserves demographically “open”). Over 5 years, ~40% of the 

90 possible inter-reserve connections occurred, but the magnitude of connections was highly 

variable and often asymmetrical. The presence of spatiotemporal variation in adult 

demographic rates and connectivity among reserves suggests that this reserve network is 

particularly amenable to application of metapopulation concepts.  

Oyster demographic rates and larval connectivity were integrated within a metapopulation 

matrix model to (1) assess reserve network self-sustainability, (2) quantify reserve relative 

importance to the network (i.e., source-sink status), (3) assess the efficacy of stock 

enhancement to improve network sustainability, and (4) evaluate whether increasing the 

number or size of reserves in the network promoted greater network connectivity. Source 

reserves provided a metapopulation ‘rescue effect’ whereby larval subsides from sources 

increased the population size of the subsidized reserve(s), but the effect was insufficient for 

network sustainability. The inability of this reserve network to be self-sustaining despite 



stock enhancement was due primarily to limited connectivity. Increasing the number of 

reserves in the network tended to promote greater connectivity, although as the number and 

size of reserves in the network continued to expand, larval connectivity was equivalent, 

suggesting that a Few Large and Several Small reserves may be the optimal network design. 

Marine reserves can be effective at improving demographic rates, but designation of multiple 

reserves does not guarantee a self-sustaining network without consideration of 

metapopulation dynamics in the design. 
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INTRODUCTION 

The dynamics of all populations are governed by the same four processes: births, deaths, 

immigration, and emigration (Gotelli, 2001). Populations of many species are spatially 

structured such that births and deaths are asynchronous among subpopulations and 

immigration and emigration promote connectivity among otherwise isolated subpopulations, 

forming a metapopulation (Hanski, 1998; Kritzer and Sale, 2004). Where population 

connectivity is asymmetrical and demographic rates vary in space, subpopulations within a 

metapopulation can be classified as sources, which contribute more births than deaths to the 

metapopulation, or sinks if the opposite is true (Pulliam, 1988; Figueira and Crowder, 2006; 

Runge et al., 2006). A comprehensive understanding of the four governing processes and the 

effects of their interactions on metapopulation dynamics is a central theme in population 

ecology and the primary focus of this dissertation. Specifically, we (1) quantified 

spatiotemporal variation in demographic rates of eastern oyster (Crassostrea virginica 

Gmelin) within a network (i.e., metapopulation) of no-take broodstock reserves in Pamlico 

Sound, North Carolina, USA (see Chapter 1 below), (2) quantified dispersal of oyster larvae 

and connectivity among reserves (see Chapter 2 below), and (3) integrated spatiotemporally-

explicit demographic rates and connectivity within a metapopulation source-sink framework 

to assess self-sustainability of the reserve network (see Chapter 3 below).   

Variation in demographic rates (e.g., births and deaths) can strongly affect subpopulation 

dynamics; this is well established in both marine and terrestrial systems (Gotelli, 2001). 

What differentiates marine systems is the potential openness of marine populations whereby 

pelagic larval dispersal can decouple subpopulation reproduction from recruitment (Caley et 
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al., 1996). A fundamental issue concerning recruitment dynamics of marine organisms and 

marine conservation biology involves identifying dispersal patterns, and how variation in the 

direction and strength of connectivity drives metapopulation dynamics. In this dissertation, 

we address four challenges (sensu Cowen and Sponaugle, 2009) to improving our 

understanding of connectivity by providing  (1) “observations” of the spatial scales of 

dispersal and connectivity (see Chapter 2 below), (2) “explanations” of the drivers (e.g., 

spawning location or timing) underlying dispersal and connectivity patterns (see Chapter 2 

below), (3) “consequences” of connectivity on metapopulation dynamics (see Chapter 3 

below), and (4) “applications” of connectivity to issues of conservation (e.g., design of 

marine reserve network; see Chapter 3 below).  

Rationale 

The declining state of many global fisheries has prompted interest in alternative fisheries 

management strategies, such as establishing no-take marine reserves where harvest is 

prohibited (Allison et al., 1998). Reserves can increase biomass of the target species, 

preserve critical habitat, buffer the effects of recruitment failure, and enhance local fisheries 

(Roberts, 1998; Halpern and Warner, 2002; Gell and Roberts, 2003). However, individual 

marine reserves are often too small (median = 1.6km2; Spalding et al., 2010) relative to larval 

dispersal (1-1000s of km; Shanks et al., 2003) to be self-sustaining, which is necessary to 

ensure long-term benefits of marine reserves. Marine reserve networks, multiple reserves 

connected by larval dispersal, can be self-sustaining, even if individual reserves are not, so  

long as source reserves subsidize reserves with a recruitment deficit (Hastings and Botsford, 

2006; Gaines et al., 2010). Network sustainability depends on the interaction of reserve 
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demographics—the potential for growth, survival, and reproduction within reserves and 

reserve connectivity—the potential to distribute offspring among reserves (Figueira and 

Crowder, 2006). Knowledge of intra- and inter-reserve connectivity, demographics, and their 

interaction are required to asses (1) the efficacy of multiple reserves to function and persist as 

a network, (2) the relative value of individual reserves to the network (i.e., source-sink 

structure), and (3) the optimal design of reserve networks (Figueira and Crowder, 2006; 

Gaines et al., 2010). However, such assessments are often limited by data on both reserve 

connectivity and demographic rates (Cowen and Sponaugle, 2009). In this dissertation, we 

address these questions as they relate to the success of a large-scale oyster restoration effort 

consisting of a network of marine reserves.     

Worldwide, native oyster populations are declining (Fig. 1; Beck et al., 2011). In the 

United States and North Carolina, commercial landings of the native eastern oyster have 

decreased precipitously over the last half century or more (Fig. 2). Efforts to restore 

populations of these economically (Rothschild et al., 1994; Mackenzie, 2007) and 

ecologically (Wells, 1961; Ulanowicz and Tuttle, 1992; Coen et al., 1999; Peterson et al., 

2003; Rodney and Paynter, 2006; Fulford et al., 2010) important bivalves are currently 

underway. In many mid-Atlantic states including North Carolina USA, there are three 

distinct, yet inter-related, oyster restoration strategies: (1) no-take reserves, (2) stock 

enhancement, and (3) cultch-planting, the deployment of a thin veneer of oyster shell to  

provide larval settlement substrate in formerly productive shellfish areas (Coen and  

Luckenbach, 2000; Laing et al., 2006; Quan et al., 2009; Beck et al., 2011). Fundamental to 

the success of such restoration efforts are (1) ecological processes such as recruitment, 
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growth, survival, density dependence and larval dispersal, (2) adequate demographic rates 

and inter-reserve connectivity to ensure a self-sustaining reserve network, (3) optimal 

location and timing of stock enhancement, and (4) identification of non-protected sites that 

promote reserve network connectivity and, thus, may be conservation priorities. 

Chapter 1: Oyster demographics in a network of no-take reserves: recruitment, growth, 
survival, and density dependence 
 

The objective of Chapter 1 was to quantify spatiotemporal variation in oyster 

demographic rates and investigate the potential for density dependence in oyster 

demographic rates across space and time. Using six no-take reserves in Pamlico Sound, 

North Carolina, USA, as the model system, we (1) measured oyster density, recruitment, 

growth, and survival (i.e., demographic rates) for three oyster cohorts over a three year 

period, (2) compared demographic rates among reserves and cohorts, and (3) tested for 

density-dependent oyster growth and survival in space and time.     

Chapter 2: Larval dispersal and population connectivity among a network of marine reserves 

The objective of Chapter 2 was to describe larval dispersal and connectivity patterns 

among a network of reserves and to determine what factors drive predicted patterns. Using a 

biophysical model consisting of a coupled hydrodynamic model and particle tracking 

algorithm, we evaluated the importance of natal reserve (i.e., spawning location), spawning  

date, reproductive output, larval behavior, and larval mortality in determining (1) dispersal  

distance and direction, (2) particle spread and aggregation, (3) local retention and self- 

recruitment, and (4) the number and magnitude of inter-reserve connections. To do so, we 

analyzed dispersal kernel and connectivity matrices generated from the release of particles 
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(i.e., virtual larvae) over a 5 year period from a network of no-take oyster reserves in Pamlico 

Sound, North Carolina, USA. 

Chapter 3: Metapopulation dynamics and the design of a marine reserve network 

The objective of Chapter 3 was to assess the self-sustainability of a network of ten marine 

reserves that serve as oyster broodstock sanctuaries in Pamlico Sound, North Carolina, USA 

and to provide guidance on network design and stock enhancement strategies to improve 

network sustainability. To do so, we integrated spatiotemporally-explicit oyster demographic 

rates (Chapter 1) and reserve connectivity (Chapter 2) within a matrix metapopulation 

modeling framework. We (1) tested for the defining features of a source-sink 

metapopulation, (2) modeled metapopulation dynamics of the reserve network to determine 

metapopulation growth rate, (3) evaluated the relative contribution of each reserve to the 

reserve network to identify source and sink reserves, (4) assessed the efficacy of stock 

enhancement to improve network sustainability, and (5) applied a modified Single Large or 

Several Small—SLOSS—framework to determine whether increasing the size or number of 

reserves in the network promoted greater network connectivity. 
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Figure 1. Global decline of oyster reefs as a percentage of current to historical (past 20 to ~ 130 years) abundance. Condition of 

native oyster reefs was evaluated in 144 bays in 40 ecoregions. Figure adapted from Beck et al. (2011). 
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Figure 2. Commercial oyster landings in the United States (US; closed circles) from 1950 to 

2011 and in North Carolina (NC; open circles) from 1887 to 2011. Landings data obtained 

from the National Marine Fisheries Service commercial landings database 

(http://www.st.nmfs.noaa.gov/commercial-fisheries/commercial-landings/annual-

landings/index) and the North Carolina Division of Marine Fisheries License and Statistics 

Section (http://www.ncfisheries.net/download/2008BigBook.pdf).   
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CHAPTER 1 

OYSTER DEMOGRAPHICS IN A NETWORK OF NO-TAKE RESERVES: 
RECRUITMENT, GROWTH, SURVIVAL, AND DENSITY DEPENDENCE 

 

ABSTRACT 

Central to ecology and resource management is knowledge of the spatiotemporal scales at 

which demographic rates vary and the ecological consequences of demographic variation, 

such as density dependence. We quantified spatiotemporal variation in oyster (Crassostrea 

virginica) recruitment, density, growth, and survival and assessed density dependence within 

a network of no-take reserves in Pamlico Sound, North Carolina, USA. From 2006 to 2008, 

average oyster recruitment and total density increased fifteen- and five-fold, respectively. 

The unprecedented high oyster densities in certain reserves (up to 6,500/m2 at study end) 

modified demographic rates such that further density increases may be regulated by density-

dependent survival. Oyster demographic rates varied significantly among reserves at 

relatively small spatial scales (20 km). Certain reserves were the strong “recruiters”, others 

the fast “growers”, and yet others the high “survivors”. Cohort dynamics altered the 

demographic rank-order such that the demographically “best” reserves varied intra- and 

inter-annually. From a management perspective, the prevalence of density-dependent 

survival suggests that oysters in this system are habitat rather than recruitment limited, which 

may minimize the utility of stock enhancement programs. Addition of habitat (i.e., artificial 

reefs) should focus on reserves characterized by high recruitment, but density-dependent 

growth and survival (e.g., Bluff Point). This study (1) supports the efficacy of marine 

reserves in rapidly increasing the density and age/size structure of protected species, (2) 
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highlights the need for spatially-explicit demographic data to support multi-faceted 

management objectives, and (3) when combined with evidence of reserve larval connectivity, 

provides support of the metapopulation concept for this system.   
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INTRODUCTION 

The dynamic nature of marine populations is driven by spatiotemporal variation in 

several demographic rates including recruitment, growth, survival, and reproduction (Gotelli, 

2001; Jennings et al., 2001). Many marine populations are demographically open, whereby 

recruitment, the addition of recently settled pelagic larvae to the benthic juvenile stage, is 

uncoupled from local reproduction (Caley et al., 1996). At sufficiently large spatial sales, 

local populations connected by larval dispersal form a demographically closed 

metapopulation (Levins, 1969; Hanski and Gilpin, 1991). Inherent in the metapopulation 

concept is incorporation of data on spatiotemporal variation in local demographic rates that 

can contribute disproportionately to metapopulation dynamics (Figueira, 2009). Knowledge 

of metapopulation dynamics is critical to management of marine systems (Sale et al., 2006), 

particularly with the growing use of marine protected areas. In this work, we quantify 

spatiotemporal variation in local demographic rates of eastern oyster (Crassostrea virginica 

Gmelin) within a network(i.e., metapopulation; Haase et al., 2012) of no-take broodstock 

reserves.      

Population density, a key response variable in assessing a species’ abundance patterns 

and certain types of resource management strategies, can modify demographic rates and 

regulate populations (Caley et al., 1996). For population regulation to occur, at least one 

demographic rate (e.g., growth or survival) must be density-dependent whereby the 

demographic rate decreases as population density increases (Murdoch, 1994). In the absence  

of density dependence, populations are considered recruitment limited (sensu Doherty, 1981; 

see reviews by Caley et al., 1996; Hixon et al., 2002). The potential for (meta)population size 
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to be regulated by density dependence is a central tenet in ecology with important 

implications for managing fisheries and their habitats (Lizaso et al., 2000; Jennings et al., 

2001; Gust, 2004; Chockley et al., 2008; Figueira, 2009; Lorenzen et al., 2010).      

Marine protected areas, and more specifically, no-take marine reserves where all forms of 

extractive activities are prohibited, are a potentially powerful restoration, management, and 

conservation tool (Bohnsack, 1990; Roberts and Polunin, 1993; Allison et al., 1998; Halpern 

and Warner, 2002; Lubchenco et al., 2003; Gaines et al., 2010). Demographic benefits within 

reserve boundaries are well documented (Halpern and Warner, 2002; Halpern, 2003; Claudet 

et al., 2008; Eggleston and Parsons, 2008; Lester et al., 2009; Babcock et al., 2010). In a 

global meta-analysis of 124 marine reserves using three functional taxonomic groups, Lester 

et al. (2009) reported that relative to controls outside the reserve or before reserve 

establishment, organism density and body size (among other biological responses) within 

reserves were, on average, 166% and 28% higher, respectively. Perhaps just as noteworthy 

was the variability in biological response to reserve designation; changes in reserve density 

ranged from ~ -90% to 2000% (mean = 166% increase, median = ~ 50% increase; Lester et 

al., 2009).    

Clearly, demographic variability is to be expected across global scales and taxonomic 

groups—the scales of meta-analyses. What about at smaller spatial scales (10-100 km) over  

which marine reserve networks and metapopulations often operate?  Are demographic 

patterns consistent over space and time such that certain reserves are demographically the  

“best” on a consistent basis? Or, do reserve networks consist of a shifting mosaic of reserve 

demographic rank-order that can serve as a buffer to biotic and abiotic variability (Gaines et 
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al., 2010)? In this study, we address these questions as they relate to the success of a large-

scale eastern oyster restoration effort consisting of a network of marine reserves.     

The global decline of native oyster populations due primarily to long-term overfishing 

and habitat destruction (Gross and Smyth, 1946; Kirby, 2004; Beck et al., 2011) has 

negatively impacted estuarine ecosystems (Jackson et al., 2001). Worldwide, restoration 

efforts are underway to restore populations of these economically (Rothschild et al., 1994; 

Mackenzie, 2007) and ecologically (Wells, 1961; Ulanowicz and Tuttle, 1992; Coen et al., 

1999; Peterson et al., 2003; Rodney and Paynter, 2006; Fulford et al., 2010) important 

bivalves. Restoration techniques range from constructing 3-dimensional artificial reefs within 

reserves to hatchery-based stock enhancement (Coen and Luckenbach, 2000; Laing et al., 

2006; Quan et al., 2009; Beck et al., 2011).  Recent efforts to restore eastern oyster (referred 

to as oyster hereafter) along the USA Atlantic coast have focused on establishing and 

assessing the efficacy of reserves (Powers et al., 2009; Schulte et al., 2009; Paynter et al., 

2010).  Fundamental to the success of such restoration efforts are ecological processes such 

as recruitment, growth, survival, and density dependence (Lenihan et al., 1999; Coen and  

Luckenbach, 2000; Mann and Evans, 2004; Brumbaugh and Coen, 2009; Powers et al., 2009;  

Paynter et al., 2010).      

Here, we present the results of a three year study that quantified spatiotemporal variation 

in demographic rates of six oyster reserves in Pamlico Sound, North Carolina, USA.  

Specifically, we (1) quantified oyster density, recruitment, growth, and survival at each 

reserve, (2) compared demographic rates over space and time, and (3) investigated the 

potential for density dependence in space—demographic rates related to differences in 
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density among reserves within a cohort—and time—demographic rates related to differences  

in density among cohorts within a reserve.     

Study Site 

The Croatan-Albemarle-Pamlico-Estuarine System (CAPES) is the largest lagoonal 

system and second largest estuarine system in the U.S. covering an area of ~6600 km2 

(Epperly and Ross, 1986; Luettich et al., 2002; Figure 1). The CAPES is separated from the 

Atlantic Ocean by the ‘Outer Banks’ barrier island chain, which limits exchange with shelf 

waters to four narrow inlets (Pietrafesa et al., 1986; Lin et al., 2007). Pamlico Sound, the 

largest component of the CAPES (~ 120 km x 40 km; Figure 1), provides ideal nursery 

habitat for many estuarine-dependent finfish and shellfish populations (Epperly and Ross, 

1986; Eggleston et al., 2010) due to its shallow water depths (mean ~4.5m), high primary 

productivity, relatively stable salinities, and low currents and tidal amplitudes (Paerl et al., 

2001).   

Since 1996, the North Carolina Division of Marine Fisheries (NCDMF) has established  

ten subtidal oyster reserves in meso- and polyhaline (salinity 13-29) waters of Pamlico Sound 

where oyster harvest and use of bottom-disturbing fishing gear is prohibited (Table 1; Figure 

1). Within reserve boundaries, high-relief (~2m off bottom) cone-shaped mounds were 

constructed from ~150 tons of ~0.5m limestone rip-rap to provide larval settlement substrate. 

Recent research in this reserve system indicated that oyster densities at 4 of the 10 reserves 

ranged from 0-97/m2 in 2002-2003 (Powers et al., 2009) and that potential larval connectivity  

between reserves was present (15 of the possible 90 inter-reserve connections), yet 

asymmetrical with some reserves providing more connections than others (Haase et al., 
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2012). In this work, we chose six of the ten oyster reserves for study—West Bay, Ocracoke,  

Hatteras, Crab Hole, Bluff Point, and Deep Bay (Figure 1)—to span the length-width axis of 

Pamlico Sound in an attempt to capture spatial variation in oyster reserve demographic rates. 

The reserves studied ranged in area from 0.03-0.19 km2, distance apart from 20 to 105 km, 

and age from 1 to 10 years old (Table 1).  

MATERIALS AND METHODS 

Demographics: density and length frequency 

Oyster density was estimated at each of the six oyster reserves (Figure 1) during 

May/June and July/August 2006-2008 using SCUBA-based 0.25 m2 quadrat sampling and 

hand excavation from randomly selected (in June 2006) reef mounds within each reserve. In 

2006 and 2007, quadrat sampling effort was allocated proportional to number of reefs  

constructed during 2003 when present (Table 1), to minimize confounding effects of reef age  

on demographic rates. In 2008, 3 quadrat replicates were conducted at all reserves. Oysters, 

rip rap, and shell material were excavated to a depth of ~15 cm within each quadrat (sensu 

Powers et al., 2009), brought to the surface in mesh bags, and processed within 24 hours of 

collection. All live oysters were counted. Left valve length (LVL), the distance from the 

umbo region of the shell to the anterior shell margin, was measured with calipers to the 

nearest 0.1 mm on a subsample (≥ 1/8) of excavated oysters. Length frequencies and counts 

from each quadrat were scaled to oysters/m2.   

Replicate quadrat length frequency distributions were compared using a 2-sample 

Kolmogorov-Smirnov test with Bonferroni adjustments for multiple comparisons. Only 5 of 

the 124 quadrat replicates were significantly different (p ≤ 0.02, otherwise p ≥ 0.08) from 
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their counterparts within the same reserve and sampling date, so quadrat replicates at each 

reserve for a given sampling period were combined. A modal analysis of oyster length 

frequency distributions (replicates combined) was conducted to follow the progression of 

cohort LVL and density at each reserve.  Size-class intervals were specified at 5 mm. Modes 

in each monthly length frequency distribution were identified using NORMSEP (FiSAT ©), 

which treats length frequency distributions as a mixture of normal distributions and applies a 

maximum likelihood procedure to separate length frequency distributions into its normal 

components. Each mode was characterized by a mean LVL, SD, and density. The number of 

distributions (i.e., modes) was specified a priori at one and increased in number until the  

separation index of modal means was < 2 (~ 2 SD; Jennings et al., 2001 and references  

therein). Modes were assumed to represent distinct cohorts, and cohorts were assumed to 

progress to the next larger mode in subsequent length frequency distributions (Table 2; 

Appendix 1). Based on chi-square goodness-of-fit tests, modal decomposition provided 

adequate fits to observed length frequency data in 25 of 30 instances (p ≥ 0.06; Table 2;  

Appendix 1).    

We tested if mean oyster density (total density, recruit [≤ 25mm] density, and legal [>75 

mm] density) varied significantly among six sampling dates (June 2006, August 2006, May 

2007, August 2007, May 2008, and July 2008) and six reserves (West Bay, Ocracoke,  

Hatteras, Crab Hole, Bluff Point, and Deep Bay), with a two-way analysis of variance 

(ANOVA). For all ANOVAs, each quadrat sample was considered a replicate. In cases where 

there was a significant sampling date by reserve interaction, we used a one-way ANOVA to 

test for differences in mean oyster density among reserves within a sampling date and among 
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sampling dates within a reserve (i.e., simple effects). Post-hoc pairwise comparisons were 

performed on all significant simple effects and Bonferroni adjustments were used to 

determine significance of pairwise contrasts.     

Demographics: growth and survival 

To quantify spatiotemporal variation in oyster growth and survival in the absence of the 

confounding effects of local variation in oyster density and reef architecture, we employed 

five replicate standardized oyster settlement substrates (trays) at each reserve from June 2006  

to October 2008 as part of a field mark-recapture study. Each open-topped plastic mesh trays  

(~0.25 m2) was uniquely numbered and standardized with 40 disarticulated oyster shells 

cemented in a one inch layer of concrete. To allow settlement of natural oyster cohorts, 

SCUBA divers deployed trays in June 2006, August 2006, and May 2007 near the top of five 

randomly selected (in June 2006) reef mounds at each reserve prior to primary and secondary  

sound-wide settlement peaks, which typically occur during June and August, respectively 

(Eggleston et al., 2011). Settlement peaks can also occur in September and October,  

particularly along the Outer Banks (Eggleston et al., 2011), but we did not monitor these 

cohorts. We followed the demographic fate of the 3 oyster cohorts that initially colonized the 

settlement trays: cohorts from June 2006, August 2006, and May 2007. Cohort age was  

determined by the date of settlement (age = 0 days), which was assumed to occur the day of 

tray deployment (i.e., conservative growth estimates). Trays were retrieved by SCUBA 

divers at bimonthly intervals from May to October during 2006-2008. Upon retrieval, trays 

were digitally photographed alongside a metric ruler for geo-rectification. Prior to 

photographing, c. 20 oysters per tray were marked with nail polish for identification in 
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photographs and measured with calipers to calibrate measurements of LVL from image 

analysis (see below). Fouling organisms were removed from trays to ensure a clear 

photograph (sensu Roegner and Mann, 1995; Bishop and Peterson, 2006).  Afterwards, 

divers returned trays to their original location.   

Image analysis software (Image Pro-Plus ©) was used to estimate oyster growth and  

survival from the time series of digital photographs. The initial photograph in each time  

series (i.e., cohort) for each settlement tray was used to enumerate all individuals for density  

estimates. Forty individuals, when present, in each cohort were haphazardly chosen, 

“marked”, measured, and subsequently tracked through time to quantify their growth and 

survival. Survivorship was quantified as the proportion of the original cohort that survived to 

the start of each age/census in the time series (Gotelli, 2001). Individuals were assumed to  

have survived at each census if they were present in photographs with both valves and 

minimal valve gape. If present and alive during a census, LVL of tracked individuals in each  

cohort was then measured to the nearest 0.1 mm. Due to the three dimensional (i.e., vertical) 

nature of oyster growth and two dimensional digital images, length corrections were applied 

to oysters growing at angles between 30° and 90°. Two separate linear regressions were used  

to correct (i.e., inverse regression) image analysis estimates of LVL for oysters oriented from 

30° to 75° and 75° to 90°. Following inverse regression, predicted LVL was highly correlated 

(r2 > 0.92) with caliper LVL along the 1:1 line (i.e., no bias; slope and y-intercept of 

residuals = 0: t < 0.01, p > 0.99).       

To model size- and survival-at-age for each cohort at each reserve, nonlinear least 

squares regression was used to fit cohort- and reserve-specific seasonalized (i.e., winter 
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growth stasis) von Bertalanffy functions (VBF) and Weibull functions (Pinder et al., 1978), 

respectively. These two models were selected to describe oyster growth and survivorship due 

to their flexibility and ecologically meaningful parameters. Left valve length (mm) at age t,  

LVL(t), was calculated according to:   
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where LVL∞ is the maximum asymptotic left valve length, K is a curvature parameter that 

determines how fast LVL∞ is approached, t0 is the theoretical age (yr) when LVL is zero, C is 

related to the magnitude of seasonal oscillations, and tw is the time at which growth is  

slowest. Parameter estimates of t0 and C were constrained to values ≥ 0.0 and 0.7 to 1.0,  

respectively. The probability of survival to age t, S(t), was calculated according to: 

cbtetS )/()(  , 

where b is the scale parameter, and c is the shape parameter. Estimates of c >1, =1, and <1 

imply Type I (i.e., mortality rate increases with age), Type II (i.e., mortality rate constant), 

and Type III (i.e., mortality rate decreases with age) survivorship curves, respectively.  

To test for spatial and temporal variation in growth and survivorship, nested comparisons  

of seasonalized VBF and Weibull functions were conducted among cohorts within a reserve 

and among reserves within a cohort using likelihood ratio tests (Kimura, 1980). We first 

tested for differences in modeled growth and survivorship in time among all cohorts within a 

reserve across all model parameters. To maximize sample sizes, tests among cohorts were 

conducted over the complete age range of each cohort as opposed to a common age range. 

When growth and survivorship models were significantly different in these global tests, we: 
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(1) tested whether model differences among cohorts were caused by any single parameter, (2)  

used the results of tests in (1) to select the most parsimonious models, and (3) conducted  

pairwise comparisons between cohorts within a reserve using the models selected in (2). We  

applied the growth and survivorship models selected in (2) to conduct global tests in space 

among reserves within a cohort across all model parameters. When the global test was  

significant, we repeated steps 1-3 for comparisons among reserves. In single parameter tests 

of growth models, t0 and C were not included because these parameters were largely 

constrained (see above). Bonferroni adjustments were used to determine significance of  

multiple pairwise comparisons.        

Density dependence 

We tested for density-dependent oyster growth and survival in space—data pooled  

among reserves within a cohort—and time—data pooled among cohorts within a reserve—on 

standardized (settlement trays) and non-standardized (quadrat) substrates. Analysis of 

covariance models were used to test for density dependence. Model terms included LVL at  

age 1 or proportion surviving to age 1 as response variables, cohort or reserve as categorical 

factors for spatial and temporal tests, respectively, age 0 recruit density or total density (for 

settlement trays, recruit density = total density) as covariates, and the interaction between 

covariate and categorical factor (sensu Steele and Forrester, 2005). The interaction term was 

removed from models when non-significant; density dependence was determined by a 

significant covariate in the reduced model. When the interaction term was significant, 

separate slope models were fitted to the relationship between the response variable and 

recruit or total density; slopes significantly different from 0 were interpreted as density  
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dependence (sensu Connell, 1985).         

Age 0 recruit density and total density were estimated from settlement trays and quadrats  

as explained above (in Demographics: density and length frequency and Demographics: 

growth and survival). Age 1 survival and mean LVL were estimated differently for trays and  

quadrats. For settlement trays, proportion surviving to age 1 and mean LVL at age 1 were 

estimated from a subset of oysters within each tray that were censured as explained above (in 

Demographics: growth and survival). For quadrats, modal analysis, as explained above (in  

Demographics: density and length frequency), provided mean cohort LVL and cohort density  

over time. Survival was calculated as the proportion of the recruiting cohort remaining at 

each census. We assumed that August recruits settled in May/June to estimate LVL and  

survival at age 1.  

RESULTS 

Density 

A total of 55,868 oysters were counted and 20,862 measured for LVL from the six oyster 

reserves over the six sampling periods from June 2006 to July 2008. Mean total, recruit, and 

legal oyster density varied significantly by reserve (two-way ANOVA: F5, 96 ≥ 17.1, p < 

0.0001) and time (F5, 96 ≥ 19.1, p < 0.0001), however, a significant reserve by time interaction 

(F25, 96 ≥ 4.4, p < 0.0001; Figure 2) precluded contrasts across the main effects.   

Total oyster density.—Mean total oyster density pooled among reserves increased by 

451%, from 686 to 3,782 oysters/m2 during the 3 year study period (Figure 2a, Figure 3;  

Appendix 2a).  Within reserves, percent increase in total oyster densities over time ranged 

from 87% (Hatteras) to 1,662% (Bluff Point; Figure 3). During this time, age and size  
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structure of oysters within reserves increased from predominately bimodal to quadrimodal 

(Appendix 1). Mean total oyster density increased significantly over time at all reserves (F5, 

118 ≥ 15.9, p < 0.0001) except Hatteras and Deep Bay (F5, 118 ≤ 1.9, p ≥ 0.1).  Significant  

increases in total oyster density occurred, on average, at annual intervals concurrent with 

August peaks in recruitment (Figure 2a; Appendix 1, Appendix 2a). Comparisons of mean 

total oyster densities among reserves were significant at each level of time (F5, 118 ≥ 2.4, p ≤  

0.04) except August 2006 (F5, 118 = 1.3, p = 0.3). The Deep Bay reserve consistently ranked 

lowest in total oyster density at each level of time, whereas the Crab Hole and Ocracoke 

reserves typically ranked highest (Appendix 2a).   

Recruit density.—Oyster recruit (≤ 25mm LVL) densities estimated from settlement trays  

and quadrats were correlated along the 1:1 line (r = 0.87; slope and y-intercept of residuals = 

0; t ≤ 2.1, p ≥ 0.06). Mean oyster recruit density pooled across reserves increased by 1,480% 

during the 3 year study period (Appendix 2b). Oyster recruitment occurred at all reserves and 

sampling periods with the exception of Deep Bay in June 2006 (Figure 2b; Appendix 1, 

Appendix 2b), when mean recruit density was homogenous among all reserves (F5, 118 = 1.0, 

p = 0.5). Oyster recruitment was ~3 times greater during July/August (May/June cohort) than 

May/June (September/October cohort). Mean oyster recruit density varied significantly over 

time at each reserve (F5, 118 ≥ 5.1, p ≤ 0.0004) with the exception of Hatteras and Deep Bay  

(F5, 118 ≤ 1.6, p ≥ 0.2). Mean oyster recruit density groupings were nearly identical to total 

oyster densities beginning in May 2007, with the Deep Bay reserve consistently ranking the 

lowest and the Crab Hole reserve the highest at each level of time (Appendix 2a and b).                     

Legal density.—Mean density of legal-sized (> 75 mm LVL) oysters increased, on 
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average, from 40 to 300/m2 and by ≥ 240% at each reserve over time (Figure 2d; Appendix 

2c). Density of legal-sized oysters at West Bay, Ocracoke, Hatteras, and Bluff Point  

increased over time (F5, 118 ≥ 3.0, p < 0.01). Beginning in May 2007, mean density of legal 

oysters varied among reserves at each level of time (F5, 118 ≥ 9.9, p < 0.0001). Ocracoke 

consistently ranked the highest in density of mean legal-sized oysters. Unlike patterns  

observed for total and recruit oyster densities, Crab Hole consistently ranked lowest in  

density of legal oysters (Figure 2d; Appendix 2c).   

Growth and survival 

A total of 2,706 oysters from the June 2006, August 2006, and May 2007 cohorts were  

tracked on settlement trays until October 2008 for growth and survival analyses (Table 3). To 

test for a settlement tray artifact, we compared tray- and quadrat-based estimates of mean 

cohort LVL and survivorship. Estimates of LVL and survivorship were correlated between 

sampling methods (LVL: r = 0.96, p < 0.0001; Survivorship: r = 0.52, p < 0.001; Appendix 

3; Appendix 4), although tray-based estimates of LVL and survivorship were, on average, 

9% and 18% higher than corresponding estimates from quadrats. Differences in estimated 

demographic rates between the two methods were significant for LVL at Crab Hole (t = 5.5,  

df =14, p < 0.0001) and for survivorship at West Bay and Deep Bay (t ≥ 3.2, df ≥ 9, p ≤ 

0.005). In general, there was little evidence for a settlement tray artifact whereby trays biased 

growth and survivorship estimates.  

Growth.—Seasonalized VBF accurately described the size-at-age relationship for each 

oyster cohort at all reserves (R2 ≥ 0.84; Appendix 3). Age-specific oyster growth, as modeled 

by seasonalized VBF, was significantly different in time among cohorts within a reserve (χ2 
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≥ 19.5, df =5, p < 0.002). Temporal differences in modeled growth among cohorts were  

driven by K; LVL∞ and tw were invariant among cohorts. Minimum and maximum model 

predicted size-at-age among cohorts within a reserve varied by <1-57%, 7-40%, and 2-30% 

at 0.5, 1.0, and 2.5 years of age, respectively. Cohorts from all reserves excluding Crab Hole 

and the May 2007 cohort at Ocracoke and Hatteras reached legal size—76 mm—by age 1.5 

years (Figure 4; Appendix 3). No reserve exhibited significant differences in modeled growth 

among all three cohorts.   

Seasonalized VBF, whereby LVL∞ and tw were set equal among cohorts within a reserve, 

differed spatially among reserves within a cohort (χ2 ≥ 44.2, df = 5, p < 0.0001; Figure 4). 

Spatial differences in modeled growth were driven by differences in LVL∞ and K (χ2 ≤ 10.9, 

df = 1, p ≤ 0.001), but not tw (χ2 ≤ 3.0, df = 1, p ≥ 0.08). Across reserves, estimates of LVL∞ 

for the June 2006, August 2006, and May 2007 cohorts ranged from 67.7-107.4, 81.2-185.3, 

and 61.2-87.3, respectively (Appendix 3). Likewise, estimates of K were highly variable 

across reserves within each cohort—June 2006: 0.9-1.9, August 2006: 0.4-1.1, May 2007:  

1.4-2.2 (Appendix 3). Among reserves, minimum and maximum model predicted size-at-age 

within a cohort varied by 24-42%, 19-31%, and 31-36% at 0.5, 1.0, and 2.5 years of age, 

respectively (Figure 4). Cohorts at Crab Hole were consistently the smallest at a given age 

(Figure 4). Patterns were less consistent among other reserves where size-at-age rank-order 

varied among cohorts. For example, Ocracoke ranked in the largest grouping for the June 

2006 and August 2006 cohorts, but in the smallest grouping for the May 2007 cohort (Figure 

4).   

Survival.—Age-specific oyster survivorship was accurately modeled by the Weibull  
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function for each reserve-cohort combination (R2 ≥ 0.70) with the exception of the May 2007 

cohort at Deep Bay, where model fits were poor (R2 = 0.44; Appendix 4). Age-specific oyster 

survivorship, as modeled by Weibull functions, was significantly different in time among 

cohorts within a reserve (χ2 ≥ 12.1, df = 2, p < 0.002). Temporal differences in modeled 

survival among cohorts were present in both model parameters—b and c (χ2 ≥ 3.9, df = 1, p ≤ 

0.04). Minimum and maximum model predicted size-at-age among cohorts within  

a reserve varied by 1-40%, <1-27%, and 3-38% at 0.5, 1.0, and 2.5 years of age, respectively. 

Only in one reserve, Bluff Point, were survivorship curves significantly different among all 

three cohorts (χ2 ≥ 8.9, df = 2, p ≤ 0.01). Weibull function shape parameters (c) indicated that 

reserve survivorship schedules followed theoretical Type I (e.g., Deep Bay June 2006 

cohort), Type II (e.g., Ocracoke August 2006 cohort), and Type III (e.g., Bluff Point June 

2006 cohort) survivorship curves (Appendix 4). No reserve exhibited all three types of  

survivorship curve.   

Weibull functions were significantly different in space among reserves within a cohort (χ2 

≥ 83.8, df = 2, p < 0.0001; Figure 5). Spatial differences in modeled survivorship were 

present in b and c (χ2 ≥ 17.6, df = 1, p < 0.0001). Among reserves, cohort survival-at-age was 

highly variable ranging from 48-98%, 36-89%, and 8-53% at 0.5, 1.0, and 2.5 years of age, 

respectively (Figure 5). Cohorts at Deep Bay typically had the highest probability of survival  

to a given age (Figure 5). Survival rank-order patterns among the remaining reserves varied 

among cohorts. For instance, Bluff Point, Hatteras, and Crab Hole had the lowest survival 

probabilities for the June 2006, August 2006, and May 2007 cohorts, respectively (Figure 5).   
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Density dependence 

In general, oyster growth was density-independent in space (i.e., across reserves within a 

cohort) and time (i.e., across cohorts within a reserve), whereas oyster survival was density-

dependent in both space and time. When present and significant, density dependence was 

negative, whereby demographic rates decreased with increasing age 0 recruit (survival) or 

total density (growth). 

Growth.—Spatial density dependence in growth was not detectable on trays (Table 4a). 

From quadrat sampling, the strength of spatial density dependence in growth, measured as 

the slope between mean LVL at age 1 and total density, varied among cohorts (interaction: p 

= 0.02; Table 4a). Only the May 2007 cohort exhibited spatial density dependence at the 

metapopulation scale (slope: p = 0.005; Figure 6a). The strength of temporal density  

dependence in growth varied among reserves on both substrates with total density as the 

covariate (interaction: p ≤ 0.04; Table 4a). Growth was density-independent in time at all 

reserves except Bluff Point and Deep Bay on settlement trays and Ocracoke in quadrats 

(slope: p ≤ 0.04; Figure 6b and c).  

Survival.—Spatial density dependence in survival was not detectable on trays (Table 4b). 

From quadrat sampling, the strength of spatial density dependence in survival, measured as 

the slope between survival to age 1 and age 0 recruit density, did not vary among cohorts  

(interaction: p = 0.6; Table 4b). With the interaction term removed, survival among pooled 

reserves significantly decreased as recruit density increased (recruit density: p = 0.004; Table 

4b), suggesting that both cohorts exhibited spatial density dependence at the metapopulation  

scale (Figure 7a). The strength of temporal density dependence in survival was similar 
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among reserves (interaction: p ≥ 0.3; Table 4b). With the interaction term removed, mean 

survival differed among reserves on settlement trays (reserve: p = 0.001), but not in quadrats 

(reserve: p = 0.2; Table 4b; Figure 7b and c). More importantly, post-recruitment survival to 

age 1 was density-dependent in time when pooled across cohorts at all reserves for both trays 

and quadrats (recruit density: p ≤ 0.05; Table 4b; Figure 7b and c).  

DISCUSSION 

Over the 3 year study, oyster recruitment and total density at reserves increased fifteen- 

and five-fold, respectively. The unprecedented high oyster densities in certain reserves (up to 

6,500/m2 at study end) modified demographic rates such that further density increases may  

be regulated by prevalent, but relatively weak density-dependent survival. Oyster 

demographic rates varied significantly among reserves, and not in the same manner, such that 

certain reserves could be classified as the strong “recruiters” (reserves with highest 

recruitment; e.g., Crab Hole), others the fast “growers” (e.g., Ocracoke), and yet others the 

high “survivors” (e.g., Deep Bay) based on a relatively consistent (e.g., 2 out of 3 cohorts) 

top statistical ranking for the respective demographic rate. Superlatives were altered by 

cohort dynamics at both intra- and inter-annual scales, suggesting that the demographic rank-

order of reserves within the network is a shifting mosaic that may serve as a buffer to biotic  

and abiotic variability (Gaines et al., 2010).   

While identifying the demographically “best” reserves is ideal from a management 

perspective, our surveys and those conducted by Mroch (2009) suggest that no single reserve  

concurrently maximized all of the demographic rates over time. Still, the results here can be 

used by managers in a variety of ways. For instance, the prevalence of density-dependent 
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survival suggests that oysters in this system are habitat, not recruitment limited.  

Consequently, the utility of stock enhancement programs may be minimal and, when  

implemented, should focus on reserves characterized by high survivorship (e.g., Deep Bay) 

during times of low recruitment (e.g., fall). Addition of habitat (i.e., artificial reef material)  

and reserve expansion should focus on reserves such as Bluff Point that are characterized by 

high recruitment, but density-dependent growth and survival. Based on a different suite of 

demographic rates, Mroch (2009) recommended stock enhancement at Bluff Point and  

reserve expansion at Ocracoke because these reserves had the highest relative per capita 

fecundity and reproductive potential/m2 (i.e., integration of per capita fecundity, oyster 

density, and size structure), respectively. The contradictory management recommendations 

driven by this apparent demographic mosaic highlights the need to integrate multiple 

potentially confounding demographic rates within a metapopulation framework to guide 

comprehensive restoration and management in reserve networks aimed at restoring 

populations.               

Density 

Our results support the work of others suggesting that density and age/size structure of 

protected species can rapidly increase in marine reserves (Halpern and Warner, 2002; 

Halpern, 2003; Claudet et al., 2008; Lester et al., 2009; Babcock et al., 2010). We observed a 

rapid and significant increase in recruit (fifteen-fold), total (five-fold), and legal-sized (three- 

fold) oyster density in 3 years consistent with the 1-5 year timeframe reported for marine 

reserves in the literature (Halpern and Warner, 2002; Gell and Roberts, 2003 and references 

therein; Claudet et al., 2008; Babcock et al., 2010). Moreover, recruit and total oyster 
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densities measured at West Bay, Hatteras, and Deep Bay increased 15- to 20-fold over the 5 

years since surveys by Powers et al. (2009) and compared favorably with other systems 

(Figure 8a).   

For sessile species such as oysters, recruitment is an important mechanism in determining  

reserve efficacy and restoration success (Powers et al., 2009). Oyster recruitment, while 

variable in both space and time, was evident in all years and reserves in our study. Densities 

of oyster recruits (≤ 25mm LVL) in our study (135-1100/m2; Appendix 2b) compared 

favorably to recruit densities (≤ 30mm LVL) in oyster reserves  in Chesapeake Bay 

(~350/m2; Schulte et al., 2009). We observed peak oyster recruitment in July/August 

(May/June cohort), which is consistent with May peaks in per capita fecundity and reserve 

spawning potential (Mroch, 2009), as well as subsequent June peaks in weekly settlement  

patterns observed in Pamlico Sound (Eggleston et al., 2011). The combination of increased 

recruitment, rapid growth, and relatively high survival improved reserve age/size structure, 

which should serve as a positive feedback loop for reserve broodstock function since per 

capita fecundity increases exponentially with oyster size (Mann and Evans, 1998; Mroch, 

2009). Moreover, the prevalence of self-recruitment among reserves (Haase et al., 2012) may 

complete the positive feedback loop and provide an explanation for the observed rapid  

increase in oyster recruitment and density over time.  

Growth and survival 

Oyster growth and survival in reserves surveyed in this study compared favorably with 

historical and contemporary demographics reported in the literature (Figure 8b, c, and d). It  

should be noted that we measured growth and survival in the upper vertical half of oyster  
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reefs where these demographic rates tend to be highest (Lenihan, 1999), so these results may 

represent demographic potential.   

Growth and survival were generally more variable in space among reserves than in time 

among cohorts within a reserve. For instance, differences in LVL∞ among reserves but not 

cohorts within a reserve suggest that oyster growth potential depends on where, not when 

oyster recruitment occurs. The implications of the observed spatiotemporal variation in 

demographics are threefold. First, empirical surveys must be conducted at spatiotemporal 

scales matching demographic variation, which precludes one from applying a universal (in 

both space and time) age-length key for assessments (sensu Mann et al., 2009; Southworth et 

al., 2010). Second, the shifting mosaic of reserve demographic rank-order highlights a benefit  

of reserve networks, whereby multiple reserves may be demographically more stable than a 

single isolated reserve (Gaines et al., 2010). Lastly, the shifting demographic mosaic 

complicates applied management decisions such as resource allocation and site selection.  

Differences in oyster growth and survivorship curves among reserves and among cohorts 

within a reserve may be caused by several mechanisms (and their interactions), including 

genetic differentiation, temperature, salinity, competition for resources (e.g., space), disease,  

and predation (Sebens, 1987; Kennedy, 1996; Lenihan, 1999; Lenihan et al., 1999). Although 

temperature likely caused seasonal growth stasis (Paynter and Dimichele, 1990), tw was 

invariant across cohorts and reserves suggesting that temperature is too homogenous sound-

wide (Roelofs and Bumpus, 1953; Durham, 2009) relative to oyster tolerance (2-36 °C) and  

optimal conditions (20-30 °C; Shumway, 1996 and references therein) to have directly  

caused intra- or inter-reserve differences in oyster growth and survival. Salinity is likely the  
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overarching driver of demographic variability in oyster growth and survival rates (Wells, 

1961). Oyster growth rates are typically higher in more saline waters (e.g., Ocracoke and 

Hatteras; Shumway, 1996 and references therein), which explains the stunted oyster growth 

at Crab Hole where oysters are exposed to freshets flowing south from Albemarle Sound 

(Epperly and Ross, 1986; Xie and Eggleston, 1999; Haase et al., 2012).  Salinity indirectly 

affects survival through increased diversity and abundance of predators (Wells, 1961), which 

disproportionately prey upon small oysters (White and Wilson, 1996). The prevalence of type 

III survivorship curves at reserves closest to oceanic inlets (e.g., Ocracoke and Hatteras) 

during peak recruitment and type I survivorship curves at reserves close to low salinity inputs 

(e.g., Crab Hole and Deep Bay) supports the positive relationship between predation and 

salinity.   

Density dependence 

We tested for spatial and temporal density dependence in two demographic rates—

growth and survival—on standardized (settlement trays) and non-standardized (quadrat) 

substrates. Observed oyster densities varied from 6- to 97-fold among reserves within a 

cohort and 2- (at Ocracoke and Hatteras) to 34-fold among cohorts within a reserve, 

providing relatively good contrast for detecting spatial and temporal density dependence 

(Connell, 1985). Density-dependent oyster growth and survival to age 1 was present in space 

when data were pooled among reserves and time when data were pooled among cohorts,  

suggesting that density dependence is detectable at annual and metapopulation scales.  

Temporal density dependence was more prevalent than spatial density dependence, which is 

significant because temporal, not spatial, density dependence is necessary for population   
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regulation (Stewart-Oaten and Murdoch, 1990; Murdoch, 1994). 

The strength of density-dependent oyster growth (0.006-0.01) and survival (9x10-5-1x10-

4), measured by the magnitude of the slope between recruit or total density and the 

demographic response, was similar to values reported by Jenkins et al. (2008) for acorn 

barnacle (Semibalanus balanoides; growth: 0.001-0.008, survival: 8x10-5-1x10-4), but 

relatively weak compared to values reported for reef fishes (survival > 0.003; Schmitt and 

Holbrook, 1999; Steele and Forrester, 2005). Within our study, the strength of density 

dependences was similar between quadrat and settlement trays despite the presence of a pre- 

existing fouling community—barnacles (Balanus spp.), ribbed mussels (Geukensia demissa), 

macroalgae (Codium fragile), and sponges (Cliona spp. and Microciona prolifera)—in 

quadrats that may moderate density dependence through mechanisms such as competition for 

space (Lohse, 2002; Boudreaux et al., 2009). Settlement trays, though initially un-fouled, 

provided a standardized substrate that minimized any confounding artifacts of pre-existing 

local conditions and allowed for more precise individual-based censuses, which can be 

beneficial if the assumptions of quadrat-based modal analysis are not met (e.g., Puckett et al., 

2008).     

The density threshold below or above which density-dependent growth or survival 

occurred was not consistent. For example, oysters on settlement trays at Deep Bay exhibited 

temporal density dependence in growth at total densities 120% lower than those at West Bay, 

where oyster growth rates were density-independent (Figure 6a). Moreover, the strength of 

temporal density dependence in survival of oysters in quadrats at Deep Bay and West Bay  

was equal despite four-fold differences in recruit density. The inconsistent density-dependent 



 

 35 

response in reserves harboring disparate oyster densities contrasts the density-dependent 

response of oysters in South Carolina (Knights and Walters, 2010) and suggests that reserve 

carrying capacities are highly variable due, most likely, to a suite of site-specific biotic and 

abiotic mechanisms.   

Mechanistically, the significance of recruit and total density in explaining density-

dependent survival and growth, respectively, is noteworthy. Recruit density as an explanatory 

variable suggests that predation may be a mechanism underlying density-dependent survival  

(Schmitt and Holbrook, 1999). Mechanical limitations prevent many oyster predators (e.g., 

mud crabs Panopeus herbstii) from consuming large oysters, thus, predatory responses are 

largely determined by recruit (i.e., prey) rather than total oyster densities (Rindone and 

Eggleston, 2011). Total oyster density as an explanatory variable suggests that competition 

for space may be a mechanism underlying density-dependent growth (Lizaso et al., 2000). As 

sessile organisms, both intra- and intercohort density increases physical contact which, in 

plate tectonic fashion, can lead to subduction of some oysters and subsequent reductions in 

growth rate (pers. obs.).  

Conclusions 

This study quantified spatiotemporal variation in key oyster demographic rates in a no-

take reserve network that, when coupled with evidence of larval connectivity among reserves 

in the network (Haase et al., 2012), provides support for applying a metapopulation 

conceptual framework in this study system. From an oyster restoration perspective, our work  

supports the recent work by Schulte et al. (2009), Powers et al. (2009), and Paynter et al. 

(2010) indicating that establishing no-take reserves may be an effective and ecosystem-based 
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approach for developing a protected broodstock as part of an oyster restoration portfolio. Yet, 

a one-size-fits-all restoration strategy is likely to be misguided. Consideration of 

spatiotemporal variation in demographic rates and density dependence are all important when 

considering a potential restoration strategy due to their importance in determining species 

biomass within reserves and the broodstock function of reserves.      
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Table 1. Oyster reserves in Pamlico Sound, North Carolina, USA sampled from 2006 through 2008. Number of mounds are those 

created in 2003 (i.e., those sampled with quadrats) unless otherwise noted. Number of quadrat replicates was allocated 

proportional to the number of mounds created during 2003 in 2006 and 2007. In 2008, 3 quadrat replicates were conducted at all 

reserves. Area of hard substrate within each reserve was estimated from side-scan sonar surveys (Ballance and Eggleston, 2008). 

Salinity was measured during sampling events. Mean salinity was averaged among years within a month. For reserve locations, 

see Figure 1.  

Reserve Year 
created 

# mounds # quadrats Area of reserve 
boundary (km2) 

Area of hard 
substrate (m2) 

Salinity range Mean salinity (SE) 

May August October 

West Bay 1996 14 3 0.03 2,725 15.6-27.8 18.9 (1.7) 22.9 (1.1) 22.6 (3.5) 

Ocracoke 2004 20a 4 0.11 4,384 18.0-28.9 22.4 (2.2) 25.3 (1.0) 25.6 (3.3) 

Hatteras 1996 15 3 0.19 5,783 17.1-28.1 22.3 (2.6) 26.1 (1.0) 25.2 (2.8)  

Crab Hole 2003 20 4 0.13 13,648 16.7-26.2 17.6 (0.5) 19.5 (0.2) 24.0 (2.3) 

Bluff Point 2005 26b 5 0.08 5,325 16.2-28.6 18.3 (1.1) 21.3 (2.1) 23.9 (4.7) 

Deep Bay 1996 14 3 0.07 6,278 13.1-25.6 15.9 (1.5) 18.8 (1.4) 21.2 (4.4) 

a reserve and mounds created in 2005; b reserve and mounds created in 2006 
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Table 2. Modal mean (± S.D.) and density (N; /m2) estimates from length frequency analysis 

of three oyster cohorts—June 2006 (J06), August 2006 (A06), and May 2007 (M07)—at 

West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), and 

Deep Bay (DB) oyster reserves in Pamlico Sound, North Carolina, USA. Chi-square 

goodness-of-fit tests are reported for all cohorts (not only those shown here). Lack of fit is 

indicated by significant (and italicized) p values. In instances where cohorts could not be 

decomposed, a single modal mean, S.D. and N are reported for multiple cohorts. See 

Appendix 1 for length frequency data and fitted modal means. 

  August 2006 May 2007 
Reserve Cohort Mean ± SD  N Mean ± SD N 

WB J06 15.2 ± 3.5 946.4 61.0 ± 21.2 498.1 
 A06 - - 34.5 ± 12.0 791.1 
 M07 - - - - 
  χ2 = 41.8, df = 27, p = 0.03 χ2 = 38.8, df = 26, p = 0.08 

 
OC J06 10.0 ± 3.5 296.1 58.8 ± 10.1 220.3 

 A06 - - 41.8 ± 8.3 427.8 
 M07 - - - - 
  χ2 = 42.4, df = 30, p = 0.07 χ2 = 39.0, df = 29, p = 0.1 

 
HA J06 11.6 ± 3.8 238.1 72.0 ± 9.8 160.9 

 A06 - - 44.9 ± 11.4 813.2 
 M07 - - - - 
  χ2 = 35.6, df = 28, p = 0.2 χ2 = 37.3, df = 28, p = 0.1 

 
CH J06 12.2 ± 4.1 913.4 42.4 ± 11.4 578.9 

 A06 - - 21.7 ± 6.2 1120.7 
 M07 - - - - 
  χ2 = 27.1 df = 20, p = 0.1 χ2 = 24.2 df = 17, p = 0.1 

 
BP J06 18.6 ± 5.7 1006.5 59.6 ± 11.1 690.2 

 A06 - - 32.9 ± 10.3 585.8 
 M07 - - - - 
  χ2 = 22.4 df = 16, p = 0.1 χ2 = 26.1 df = 21, p = 0.2 

 
DB J06 17.8 ± 5.5 621.3 62.6 ± 7.3 340.3 

 A06 - - 41.0 ± 5.6 399.4 
 M07 - - - - 
  χ2 = 29.5 df = 22, p = 0.1 χ2 = 30.4 df = 24, p = 0.2 



 

 47 

Table 2 Continued  

  August 2007 May 2008 
Reserve Cohort Mean ± SD N Mean ± SD N 

WB J06 78.0 ± 10.3 50.3 
70.5 ± 13.5 646.7 

 A06 38.6 ± 10.4 343.3 
 M07 13.9 ± 3.7 2511.1 58.4 ± 7.0 628.6 
  χ2 = 34.4, df = 24, p = 0.08 χ2 = 44.8, df = 26, p = 0.01 

 
OC J06 

71.2 ± 27.8 1065.4 80.2 ± 20.4 508.6 
 A06 
 M07 17.8 ± 5.5 905.0 44.4 ± 10.4 490.9 
  χ2 = 43.2, df = 30, p = 0.06 χ2 = 45.9, df = 30, p = 0.03 

 
HA J06 84.3 ± 11.4 306.6 99.1 ± 17.5 317.6 

 A06 58.5 ± 12.3 605.9 64.0 ± 10.3 255.1 
 M07 18.7 ± 5.1 584.3 49.3 ± 7.9 258.9 
  χ2 = 42.4, df = 30, p = 0.07 χ2 = 42.3, df = 30, p = 0.07 

 
CH J06 

48.3 ± 13.0 258.6 57.8 ± 12.7 122.9 
 A06 
 M07 13.8 ± 4.1 1732.7 34.1 ± 10.8 1037.4 
  χ2 = 26.1 df = 17, p = 0.07 χ2 = 27.6 df = 22, p = 0.2 

 
BP J06 

61.1± 17.2 1349.5 88.8 ± 12.4 234.5 
 A06 
 M07 18.3 ± 5.5 906.5 56.3 ± 10.5 496.6 
  χ2 = 38.7 df = 23, p = 0.02 χ2 = 35.1 df = 26, p = 0.1 

 
DB J06 

60.4 ± 14.7 265.6 91.6 ± 7.9 44.7 
 A06 
 M07 18.3 ± 8.8 53.1 71.3 ± 7.2 38.2 
  χ2 = 37.6 df = 24, p = 0.02 χ2 = 10.2 df = 26, p = 0.9 
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Table 2 Continued 
  

  July 2008 
Reserve Cohort Mean ± SD N 

WB J06 
94.0 ± 2.7 73.5 

 A06 
 M07 68.3 ± 17.0 769.0 
  χ2 = 37.3, df = 23, p = 0.03 

 
OC J06 

108.6 ± 18.7 487.1 
 A06 
 M07 55.1 ± 17.8 864.9 
  χ2 = 42.7, df = 30, p = 0.06 

 
HA J06 

94.6 ± 17.2 513.9 
 A06 
 M07 52.6 ± 14.5 548.7 
  χ2 = 40.7 df = 30, p = 0.09 

 
CH J06 

56.8 ± 10.7 619.2  A06 
 M07 
  χ2 = 26.0 df = 17, p = 0.07 

 
BP J06 

77.1 ± 25.0 274.4  A06 
 M07 
  χ2 = 36.5 df = 26, p = 0.08 

 
DB J06   

111.8 
 

 A06 84.4 ± 21.4 
 M07  
  χ2 = 46.5 df = 29, p = 0.01 
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Table 3. Initial cohort information for three oyster cohorts tracked through time on settlement trays for growth and survival at six 

oyster reserves—West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), and Deep Bay (DB)—in 

Pamlico Sound, North Carolina, USA. Settlement date is assumed to be the day of tray deployment. 

 June 2006 cohort August 2006 cohort May 2007 cohort 
Reserve Settlement date # tracked Duration  

(yrs) 
Settlement date # tracked Duration  

(yrs) 
Settlement date # tracked Duration 

(yrs) 
WB June 7 153 2.3 August 8 200 2.1 May 15 160 1.4 

OC June 15 160 1.9 August 10 160 2.1 May 17 200 1.4 

HA June 9 120 2.3 August 12 114 2.1 May 19 103 1.4 

CH June 13 200 2.3 August 14 150 2.1 May 21 187 1.4 

BP June 11 120 2.3 August 16 140 2.1 May 23 160 1.4 

DB June 11 200 2.3 August 16 74 2.1 May 23 105 1.4 
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Table 4. Analysis of covariance models testing for temporal and spatial density dependence 

in oyster a) growth and b) survival in tray and quadrat samples. The models included age 0 

oyster recruit or total oyster density as covariates and reserve or cohort as categorical factors. 

Italicized p values are significant at α = 0.05. In settlement trays, recruit density = total 

density.  

a) 
Scale Method Source F df p 

Space Tray Model 0.4 3, 35 0.8 

  Interaction - - - 

  Recruit density - - - 

  Cohort - - - 

 Quadrat Model 1.8 3, 36 0.2 

  Interaction - - - 

  Recruit density - - - 

  Cohort - - - 

 Quadrat Model 3.4 3, 36 0.03 

  Interaction 6.3 1, 36 0.02 

  Total density - - - 

  Cohort - - - 

Time Tray Model 5.2 11, 27 0.0002 

  Interaction 2.8 5, 27 0.03 

  Recruit density - - - 

  Reserve - - - 

 Quadrat Model 12.4 6, 33 <0.0001 

  Interaction 2.0 5, 28 0.1 

  Recruit density 3.6 1, 33 0.07 

  Reserve 12.3 5, 33 <0.0001 

 Quadrat Model 11.1 11, 28 <0.0001 

  Interaction 3.8 5, 28 0.009 

  Total density - - - 

  Reserve  - - - 
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Table 4 Continued 
 
b) 

Scale Method Source F df p 

Space Tray Model 1.1 3, 35 0.4 

  Interaction - - - 

  Recruit density - - - 

  Cohort - - - 

 Quadrat Model 9.3 2, 37 0.0005 

  Interaction 0.3 1, 36 0.6 

  Recruit density 9.3 1, 37 0.004 

  Cohort 3.8 1, 37 0.06 

 Quadrat Model 4.3 2, 37 0.02 

  Interaction 0.8 1, 36 0.4 

  Total density 0.9 1, 37 0.3 

  Cohort 4.6 1, 37 0.04 

Time Tray Model 5.2 6, 32 0.0008 

  Interaction 1.3 5, 27 0.3 

  Recruit density 4.1 1, 32 0.05 

  Reserve 5.2 5, 32 0.001 

 Quadrat Model 3.8 6, 33 0.006 

  Interaction 1.1 5, 28 0.4 

  Recruit density 15.4 1, 33 0.0004 

  Reserve 1.6 5, 33 0.2 

 Quadrat Model 1.3 11, 28 0.3 

  Interaction - - - 

  Total density - - - 

  Reserve - - - 
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Figure 1. Map of the Croatan-Albemarle-Pamlico-Estuarine System (CAPES). Location of 

oyster reserves in Pamlico Sound are depicted by closed squares. Squares not drawn to scale.  

Labeled reserves—West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff 

Point (BP), and Deep Bay (DB)—were studied. Map of southeast USA inset for reference.  
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Figure 2. Mean a) total, b) recruit (≤ 25 mm LVL), and c) legal (> 75 mm LVL) oyster 

density at West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point 

(BP), and Deep Bay (DB) oyster reserves during June 2006, August 2006, May 2007, August 

2007, May 2008, and July 2008. Note differences in z axis scale. See Appendix 2 for density 

values.  
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Figure 3. Percent increase in mean total oyster density over time at West Bay (WB), 

Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), and Deep Bay (DB) 

oyster reserves. The thick dashed line represents the percentage increase in total oyster 

densities pooled among reserves.   
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Figure 4. Seasonalized von Bertalanffy growth functions for the a) June 2006, b) August 

2006, and c) May 2007 oyster cohorts at West Bay (WB), Ocracoke (OC), Hatteras (HA), 

Crab Hole (CH), Bluff Point (BP), and Deep Bay (DB) oyster reserves. Percent difference 

among reserves in predicted size at age 2.5 years is shown to the right of each panel. 

Different letters in the legend denote significant differences in growth functions among 

reserves within each cohort. Vertical dashed lines represent maximum age/date at which 

cohorts were observed.  
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Figure 5. Weibull survivorship functions for the a) June 2006, b) August 2006, and c) May 

2007 oyster cohorts at West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), 

Bluff Point (BP), and Deep Bay (DB) oyster reserves. Percent difference among reserves in 

predicted size at age 2.5 years is shown to the right of each panel. Different letters in the 

legend denote significant differences in survivorship among reserves within each cohort. 

Vertical dashed lines represent maximum age/date at which cohorts were observed.   
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Figure 6. Density-dependent growth in space (a) and time (b and c). A) Data grouped by reserve within a cohort reveal spatial 

density dependence in growth as a function of total density in quadrats. Data grouped by cohort within a reserve reveal temporal 

density dependence in growth as a function of total density in b) settlement trays (age 0 recruit density = total density) and c) 

quadrats. Regression lines and parameters with significant density dependence are shown (see Table 4a for model details). Reserve 

abbreviations are as follows: West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), and Deep Bay 

(DB). 
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Figure 7. Density-dependent survival in space (a) and time (b and c). A) Data grouped by reserve within a cohort reveal spatial 

density dependence in survival as a function of age 0 recruit density in quadrats. Data grouped by cohort within a reserve reveal 

temporal density dependence in survival as a function of age 0 recruit density in b) settlement trays (age 0 recruit density = total 

density) and c) quadrats. Regression lines and parameters with significant density dependence are shown (see Table 4b for model 

details). Reserve abbreviations are as follows: West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), 

and Deep Bay (DB). 
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Figure 8. Oyster demographic comparison among systems.  (a) Comparison of mean total 

oyster density among protected reefs in York River, Virginia, USA (YR; Nestlerode et al., 

2007), Wicomico River, Virginia, USA (WR; Schulte et al., 2009), Chesapeake Bay 

tributaries in Virginia (VA; Mann, 2010), Back Sound in North Carolina and West Bay, 

Hatteras, and Deep Bay in Pamlico Sound from 2002-2003 (BS and PS*; Powers et al., 

2009), and Pamlico Sound (PS; this study). (b and c) Comparison of von Bertalanffy growth 

functions estimated from this study (shaded area = June 2006 cohort) with (b) historic growth 

data from Pamlico Sound (Coker, 1907) and Chesapeake Bay (Harding et al., 2008) and (c) 

growth functions from oyster reserves in Chesapeake Bay (Paynter et al., 2010), disease 

resistant and triploid (i.e., sterile) oysters in Chesapeake Bay (Harding, 2007), and harvested 

oysters in Chesapeake Bay (Southworth et al., 2010). In panel b, reserve abbreviations are as 

follows: West Bay (WB), Ocracoke (OC), Crab Hole (CH), Bluff Point (BP). (d) Comparison 

of Weibull survivorship functions estimated from this study (shaded area = June 2006 cohort) 

with survivorship data for disease-resistant oysters in Chesapeake Bay (Encomio et al., 

2005), triploid oysters in Chesapeake Bay (Calvo et al., 1999), harvested oyster reefs in 

Chesapeake Bay (Mann et al., 2009; Southworth et al., 2010), and from an oyster life history 

table (Malinowski and Whitlatch, 1988).   
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APPENDIX 1 

Length frequency histograms obtained from n replicate quadrat samples at a) West Bay, b) 

Ocracoke, c) Hatteras, d) Crab Hole, e) Bluff Point, f) Deep Bay oyster reserves from June 

2006 to July 2008. Best fitting modes (dashed lines) and cumulative modes (solid line) are 

overlaid. The June 2006 (J06), August 2006 (A06), and May 2007 (M07) cohorts are 

identified in panels. See table 2 for cohort modal means and fit statistics. Note the differences 

in y-axis scale. 
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APPENDIX 2 

Mean (± S.E.) oyster a) total density, b) recruit (≤25 mm LVL) density, and c) legal (> 75mm LVL) density at West Bay (WB), 

Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), and Deep Bay oyster reserves from June 2006 to July 2008. 

Different letters and numbers denote significant differences in mean density among reserves within a given sampling date and 

among sampling dates within a given reserve (i.e., simple effects), respectively.   

a) 
Reserve June 2006 August 2006 May 2007 August 2007 May 2008 July 2008 Average 

WB 866.7±118.3ab,1 1181.3±131.9a,12 1232.0±256.5bc,12 2908.0±500.6ab,34 2086.7±349.0b,23 3616.0±292.3c,4 1981.8 

OC 965.0±140.5a,1 1338.0±136.1a,1 1550.4±252.4abc,1 3077.0±119.2a,2 2466.5±456.1ab,2 5520.7±95.2b,3 2486.2 

HA 1144.0±10.1a,1 1565.3±99.1a,1 1906.7±673.9ab,1 2111.1±137.6b,1 1589.3±20.2b,1 2137.3±121.9d,1 1742.3 

CH 756.0±76.6ab,1 1569.0±261.9a,2 2104.0±117.8a,23 2732.0±189.2ab,3 3149.3±631.5a,3 6585.3±204.1a,4 2815.9 

BP 250.4±123.4b,1 1146.4±249.4a,2 1576.5±196.4bc,23 2169.6±173.6b,3 3036.0±613.0a,4 4412.0±233.1c,5 2098.5 

DB 132.0±34.2b,1 717.3±102.9a,1 1020.0±416.5c,1 349.3±129.3c,1 302.7±37.3c,1 418.7±82.1e,1 490.0 

Average  685.7 1252.9 1564.9 2224.5 2105.1 3781.7  
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APPENDIX 2 Continued 
 

b) 
Reserve June 2006 August 2006 May 2007 August 2007 May 2008 July 2008 Average 

WB 221.3±82.0a,1 1032.0±119.0a,2 274.2±165.1b,1 2560.0±454.2a,3 479.5±92.9bc,1 2033.8±160.1c,3 1100.1 

OC 64.0±22.1a,1 330.0±87.5c,1 377.6±108.8b,12 910.3±192.7b,3 838.5±166.4b,23 3271.1±84.9b,4 965.3 

HA 217.3±77.4a,1 441.3±95.5bc,1 456.4±227.5b,1 609.0±79.0b,1 412.1±18.0bc,1 734.3±87.8d,1 478.4 

CH 386.0±46.5a,1 1237.0±255.6a,2 1045.0±99.9a,2 2070.8±148.0a,3 1848.8±245.0a,3 5051.1±374.9a,4 1939.8 

BP 11.2±8.3a,1 895.2±280.4ab,2 130.8±62.8b,1 895.4±126.0b,2 1454.7±311.4a,3 3049.5±110.8b,4 1072.8 

DB 0.0±0.0a,1 578.7±97.9bc,1 84.8±75.0b,1 35.4±8.0c,1 10.7±3.5c,1 103.4±34.7e,1 135.5 

Average  150.0 752.4 394.8 1180.2 840.7 2373.9  
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APPENDIX 2 Continued 
 
c) 
Reserve June 2006 August 2006 May 2007 August 2007 May 2008 July 2008 Average 

WB 69.3±13.5a,1 16.0±8.3a,1 97.1±29.7c,12 28.6±8.2cd,1 129.2±24.6cd,12 236.7±37.9c,2 96.2 

OC 60.0±34.7a,1 119.0±84.8a,1 336.0±55.7a,2 728.8±15.4a,3 601.5±140.7a,3 744.9±80.6a,3 431.7 

HA 66.7±64.7a,1 85.3±71.3a,1 312.0±89.7ab,2 323.9±29.4b,2 411.7±22.8b,23 530.1±62.8b,3 288.3 

CH 7.0±3.4a,1 14.0±4.8a,1 11.9±7.9d,1 3.6±3.6d,1 18.4±11.0d,1 36.4±21.8d,1 15.2 

BP 0.0±0.0a,1 0.0±0.0a,1 163.7±29.3bc,2 159.9±57.8c,2 268.1±31.4bc,2 177.5±62.7cd,2 128.2 

DB 24.0±2.4a,1 13.3±8.1a,1 45.8±36.3cd,1 80.1±34.3cd,1 74.7±11.9d,1 80.6±26.1cd,1 53.1 

Average  37.8 41.3 161.1 220.8 250.6 301.1  
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APPENDIX 3 

Observed left valve length (LVL) at age/date (open circles) of three cohorts—i) June 2006, 

ii) August 2006, and iii) May 2007—of oysters obtained from settlement trays at a) West 

Bay, b) Ocracoke, c) Hatteras, d) Crab Hole, e) Bluff Point, and f) Deep Bay oyster reserves. 

Solid line represents best fitting seasonalized von Bertalanffy growth function with 

associated parameter estimates (±S.E.) and R2 statistic. Parameters are as follows: LVL∞ is 

the maximum asymptotic left valve length (for the ages sampled), K is a curvature parameter 

that determines how fast LVL∞ is approached, t0 is the theoretical age (yr) when LVL is zero, 

C is related to the magnitude of the seasonal oscillation, and tw is the time at which growth is 

lowest. * indicates parameters constrained to reported values. Dashed lines represent upper 

and lower 95% confidence limit. Dotted line represents age at which cohorts are predicted to 

obtain commercial size limit (76 mm). Modal means (closed squares; ± S.E.) obtained from 

length frequency analysis of quadrat samples are overlaid.    
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APPENDIX 4 

Proportion surviving to age/date (closed circles) of  three cohorts—i) June 2006, ii) August 

2006, and iii) May 2007—of oysters obtained from settlement trays at a) West Bay, b) 

Ocracoke, c) Hatteras, d) Crab Hole, e) Bluff Point, and f) Deep Bay oyster reserves. Solid 

line represents best fitting Weibull survivorship function with associated parameter estimates 

(± SE), R2 statistic, and type of survivorship curve. Parameters are as follows: b is the scale 

parameter, and c is the shape parameter. Values of c >1, =1, and <1 correspond to type I, II, 

and III survivorship curves, respectively. Dashed lines represent upper and lower 95% 

confidence limit. Dotted line represents age at which 50% of the cohort is predicted to 

survive. Proportion surviving to ~ age 1 (closed squares; ± S.E.) obtained from length 

frequency analysis of quadrat samples are overlaid for the June 2006 and May 2007 cohorts. 

Quadrat sampling was not conducted in October, so estimating the August 2006 initial cohort 

density, and thus survival, was not possible.      
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CHAPTER 2 

LARVAL DISPERSAL AND POPULATION CONNECTIVITY AMONG A 
NETWORK OF MARINE RESERVES 

 
 
 

ABSTRACT 

Larval dispersal and population connectivity influence marine metapopulation dynamics and 

the success of marine reserve networks. We used a biophysical model to assess the relative 

importance of spawning location, spawning time, adult demography, and larval biology on 

dispersal of eastern oyster (Crassostrea virginica) larvae and connectivity among a network 

of no-take reserves. Particles (i.e., virtual larvae) were released from reserves in a shallow 

wind-driven estuary during primary and secondary spawning peaks over a 5 year period. The 

location (i.e., natal reserve) and timing of spawning relative to physical processes, 

particularly frequency of wind reversals, were the dominant drivers of dispersal and 

connectivity patterns. To a lesser extent, larval behavior (i.e., ontogenetic depth regulation) 

and mortality modified dispersal and connectivity, whereas spatiotemporal variability in 

adult reproductive output was only marginally significant. Over a 21 day larval duration, 

particles dispersed a mean distance of 2 to 75 km over an area covering 2 to 471 km2. Local 

retention of passive surface particles was typically small in magnitude (median <1%) such 

that immigration exceeded local retention (i.e., reserves demographically “open”). Particle 

behavior increased local retention by an order of magnitude doubling the proportion of  

demographically “closed” reserves. Over 5 years, ~40% of the 90 possible inter-reserve 

connections occurred, but the magnitude of connections was highly variable (<1 to 99% of 
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particles) and often asymmetrical. The importance of spawning location on both connectivity 

and demographic rates suggests that source-sink dynamics may be an important component 

of this estuarine metapopulation. 
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INTRODUCTION 

Larval dispersal is central to the dynamics of marine metapopulations (Sale et al., 2006; 

Cowen and Sponaugle, 2009). Dispersal determines population connectivity, the exchange of 

larvae among geographically discrete subpopulations. Population connectivity modifies 

metapopulation dynamics and, when integrated with adult demographics, determines 

subpopulation source-sink dynamics (Pulliam, 1988; Figueira and Crowder, 2006). The 

success of many resource management strategies such as no-take marine reserves and reserve 

networks (i.e., metapopulation) depend critically on larval dispersal and connectivity patterns 

(Botsford et al., 2001; Gaines et al., 2010). A major challenge in ecology and resource 

management is not only describing patterns of dispersal and connectivity, but also 

understanding their drivers (Cowen and Sponaugle, 2009; Jones et al., 2009). In this study, 

we quantified dispersal of eastern oyster, Crassostrea virginica, larvae and connectivity 

among an estuarine network of no-take reserves and assessed the relative importance of key 

biological and physical drivers of dispersal and connectivity.  

The distance and spread of larvae during dispersal, as well as the propensity for larvae to 

settle within their natal subpopulation (i.e., local retention; Botsford et al., 2009) or emigrate 

to other subpopulations (i.e., connectivity) can be driven by several biophysical processes 

and their interactions (Cowen and Sponaugle, 2009; Metaxas and Saunders, 2009 and 

references therein). Subpopulation location in the seascape relative to suitable habitat and 

hydrodynamic features such as directional currents or eddies, play important roles in whether  

larvae are locally retained, transported to suitable habitat, or advected to unsuitable habitat 

(Sponaugle et al., 2002; Edwards et al., 2007; Ayata et al., 2010; Gilbert et al., 2010; Huret et 
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al., 2010; Pinsky et al., 2012). Intra- and inter-annual variability in environmental forcing 

(e.g., wind) relative to the timing of spawning can also alter dispersal and connectivity 

(Young et al., 1998; Huggett et al., 2003; Ellien et al., 2004; Carson et al., 2010; Gilbert et 

al., 2010; Basterretxea et al., 2012). For example, unidirectional winds promoted long-

distance dispersal of simulated polychaete larvae in the Bay of Seine (English Channel), 

whereas frequent wind reversals reduced dispersal distances and promoted local retention 

(Ellien et al., 2004).  

The influence of spatiotemporal variation in reproductive output (e.g., larval output) on 

dispersal and connectivity has rarely been examined using empirical data despite the 

importance of demographic rates on metapopulation dynamics (Figueira, 2009; Carson et al., 

2011). When empirically-based variability in reproductive output has been included in larval 

dispersal simulations, the effect has been equivocal. For instance, predicted settlement of 

kelp bass (Paralabrax clathratus) in the Southern California Bight was highly correlated (r = 

0.9) between simulations with uniform reproductive output and simulations with spatially-

explicit reproductive output based on population size structure and density (Watson et al., 

2010). In contrast, uniform and spatially-explicit reproductive output resulted in 2- to 3-fold 

differences in settlement of coral larvae at reef sites off Singapore (Tay et al., 2012). In this 

study, we assessed the relative importance of reproductive output on larval dispersal and  

reserve connectivity by comparing simulations of uniform reproductive output with 

simulations of spatiotemporally-explicit reproductive output based on empirical estimates of 

oyster size structure, density, and size-specific per capita fecundity during primary and 

secondary peaks in spawning.  
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Larval biology, particularly behavior and mortality, influences dispersal and connectivity 

patterns. Larval behaviors such as vertical migration, tend to decrease larval dispersal 

distances and promote local retention and self-recruitment to a greater extent than passive 

drifting (Sponaugle et al., 2002; Paris et al., 2007; Drew and Eggleston, 2008; Butler et al., 

2011). Important biophysical interactions occur, for instance, when depth-specific current 

velocities and behaviorally-regulated vertical distribution of larvae alter the distance and 

direction that larvae disperse. Larval mortality can greatly dilute and reduce the spread of 

larvae from natal subpopulations, as well as the distance downstream with which larvae 

disperse, thereby limiting connectivity among subpopulations (Cowen et al., 2000; Paris et 

al., 2007).  

Larval dispersal and connectivity have been studied using a variety of methods (e.g., 

genetic markers [Gilg and Hilbish, 2003]; elemental fingerprinting [Fodrie et al., 2011]). 

Recent advances in physical oceanography, larval ecology, and computer processing have 

enabled biophysical models to integrate physical processes with individual larval biology 

(e.g., behavior) to track a large number of particles (i.e., virtual larvae) in realistic, 3-

dimensional hydrodynamic flow fields (reviewed by  Miller, 2007; Metaxas and Saunders,  

2009).  

In this study, we used a biophysical model to describe larval dispersal and connectivity 

patterns among a network of reserves and to determine what factors drive predicted patterns. 

Specifically, we asked: what factors (e.g., natal reserve, spawning date, reproductive output, 

particle behavior, and particle mortality) determine (1) dispersal distance and direction, (2) 

particle spread and aggregation, (3) local retention and self-recruitment, and (4) the number  
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and magnitude of inter-reserve connections? We addressed these questions by analyzing 

dispersal kernel and connectivity matrices generated from the release of particles over a 5 

year period from a network of no-take oyster reserves in Pamlico Sound, NC USA. Natal 

reserve location within Pamlico Sound, spawning date, and their interaction explained the 

greatest amount of variation in larval dispersal and connectivity, whereas reproductive output 

explained the least. 

MATERIALS AND METHODS 

Study system 

The Croatan-Albemarle-Pamlico-Estuarine System (CAPES) is the largest lagoonal 

system and second largest estuarine system in the U.S., covering an area of ~6600 km2 

(Epperly and Ross, 1986; Luettich et al., 2002; Fig. 1). Pamlico Sound, the largest 

component of the CAPES (~ 120 km x 40 km; Fig. 1), is a shallow (mean depth of ~4.5 m), 

well-mixed water body that is separated from the Atlantic Ocean by the ‘Outer Banks’ barrier 

island chain, which limits exchange with shelf waters to three narrow (~1 km wide) inlets.  

Inlet regions experience semi-diurnal tides, but tidal influence quickly diminishes with 

distance from inlets (Pietrafesa et al., 1986). The restricted tidal exchange, large surface area 

to volume ratio, and axial alignment with prevailing winds enables circulation in Pamlico 

Sound to respond rapidly to wind forcing, the primary driver of circulation in the system 

(Pietrafesa et al., 1986; Luettich et al., 2002). Wind forcing varies at hourly to daily intervals, 

but does maintain general seasonal patterns. Winds  are predominately southwesterly 

(towards northeast) during summer (Xie and Eggleston, 1999; Eggleston et al., 2010) when 

primary and secondary peaks in oyster spawning occur.       
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Within Pamlico Sound, the North Carolina Division of Marine Fisheries (NCDMF) has 

established ten subtidal oyster reserves where oyster harvest is prohibited (Fig. 1). Reserve 

boundaries contain artificial reefs that provide larval settlement substrate. Inter-reserve 

Euclidian distances range from ~10 to 120 km. In this reserve system, mean oyster growth, 

survival, and fecundity varied from 50-200% among 6 (of 10) reserves (Mroch et al., 2012; 

Puckett and Eggleston, 2012). Moreover, fecundity pooled among reserves was an order of 

magnitude higher in May than in August. The coupled hydrodynamic and particle tracking 

model used in this study (see below) was previously validated in this system and used to 

conduct particle dispersal simulations that qualitatively suggested (1) natal reserve location 

influenced dispersal distance and spread of particles, (2) local retention of particles was 

prevalent among reserves, and (3) inter-reserve connections, when present, were 

asymmetrically directed from south to north with prevailing winds (Haase et al., 2012).  

Whether these dispersal and connectivity patterns were consistent over time under various 

wind conditions or whether particle behavior or mortality altered these patterns was not 

addressed. Moreover, quantitative descriptors of dispersal and connectivity patterns were 

absent from previous work in this reserve system.    

Study species 

In Pamlico Sound, oyster spawning is protracted from May to October, with peaks in 

reproductive output and settlement in May and June, respectively (Eggleston et al., 2011; 

Mroch et al., 2012). Smaller secondary peaks in reproductive output and settlement typically 

occur in August and September. Gametes are freely spawned into the water column where 

fertilized eggs develop through trochophore and veliger larval stages, transitioning from 
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passive drifters to competent depth-regulators during the 10 to 30 d pelagic larval duration 

(Kennedy, 1996 and references therein; Baker and Mann, 2003). During this ontogeny, larval 

swimming speeds increase from 0 to >2.5 mm s-1 (Dekshenieks et al., 1996; Kennedy, 1996). 

When competent to settle, larvae seek hard substrate for permanent attachment.  

Hydrodynamic model 

To simulate barotropic circulation patterns in Pamlico Sound, we used ADCIRC 

(Advanced CIRCulation) 3D, a nonlinear, finite-element hydrodynamic model developed by 

Luettich et al. (1992) and validated in Pamlico Sound and adjacent estuarine and coastal 

waters of North Carolina (Luettich et al., 2002; Hench and Luettich, 2003; Carr et al., 2005; 

Reyns et al., 2006; Haase et al., 2012). ADCIRC solves the shallow water form of the  

momentum equations over the entire CAPES domain represented by a triangular grid 

developed by Reyns et al. (2006) consisting of 22,425 nodes and 41,330 elements (resolution 

= 0.3 to 1km). Appendix 5 contains model parameters. We assumed the CAPES was isolated 

from oceanic input, thereby eliminating any astronomical tidal signal or meteorologically 

driven exchange through the inlets (Luettich et al., 2002; Reyns et al., 2007; Haase et al., 

2012). The model was forced with hourly wind velocities measured from May through 

August 2006-2010 at Cape Hatteras Meteorological Station and made available by the 

Climate Office of North Carolina (Fig. 1). Current velocities were output at hourly intervals 

following an 8 d model “spin-up”.  

Particle tracking model 

The ADCIRC-generated flow field was used to drive a Lagrangian particle tracking 

algorithm developed by Baptista et al. (1984), which has been applied successfully in 



 

87 

numerous studies within our study area (McNinch and Luettich, 2000; Carr et al., 2005; 

Reyns et al., 2006, 2007; Haase et al., 2012). Unique to this study is application of the 

particle tracking algorithm across intra- and interannual scales to assess the effect of 

spawning time on larval dispersal, as well as across multiple depth bins to simulate larval 

behavior. The algorithm implemented a fourth-order Runge-Kutta scheme to determine the 

trajectory of particle movement due to current velocities in the x and y directions. Diffusion 

coefficients were not included in the algorithm due to uncertainties in the physical 

mechanisms that cause dispersion in our study system (Reyns et al., 2007; Haase et al.,  

2012). To overcome the omission of diffusive processes in the particle tracking algorithm, 

we attempted to artificially force particles to “diffuse” by releasing particles at 24 hour 

intervals over a 7 day period. Specifically, particles were released daily from the 25th through 

the 31st of May and July, subjected to the ADCIRC-generated flow field, and tracked hourly 

over a 21 d larval duration (e.g., May 25th to June 14th).  

Settlement sub-model 

Particles were assumed competent to settle from day 14 through day 21, after which 

particles remaining in the water column died (sensu North et al., 2008). Settlement was 

assumed to occur if, when competent, particles were located in reserve polygons regardless 

of vertical distribution in the water column. We restricted suitable settlement substrate to the 

area within reserve polygon boundaries (Fig. 1) to investigate reserve network connectivity. 

Particles transported to the model boundaries (i.e., shorelines) remained there for the 

remainder of the simulation.  
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Simulated experiments 

Factors 

A fully factorial experimental design was used to examine the effect of 5 factors on 

dispersal and connectivity patterns: (1) natal reserve location, (2) spawning date, (3) particle 

behavior, (4) spatiotemporally-explicit reproductive output, and (5) particle mortality. In all, 

the factorial design resulted in 800 factor level combinations (Table 1).  

Natal reserve location and spawning date.—We tested the effects of natal reserve 

location and spawning date on particle dispersal and reserve connectivity by releasing 

particles from 10 discrete oyster reserves in Pamlico Sound (Table 1; Fig. 1). Reserves were 

standardized in area to 1 km2 (for reference, the global median size of marine protected areas 

is 1.6 km2; Spalding et al., 2010). Particles were released from within each reserve over 10 

discrete spawning dates during primary (May-June) and secondary (July-August) oyster 

spawning peaks from 2006 to 2010. From 2006 to 2008, empirical data on reproductive 

output was collected in our study system (see below).  

Behavior.—To test the effects of particle behavior on particle dispersal and reserve 

connectivity, we simulated dispersal of (1) passive surface drifting particles (i.e., without 

behavior) and (2) ontogenetic depth regulating particles (i.e., with behavior). Passive surface 

drifting particles were constrained to the upper layer of the water column (upper 0.64 m, on 

average) for the entire 21 d duration (Fig. 2a). The vertical distribution of oyster larvae in 

Pamlico Sound is unknown, so in simulations with behavior we programmed particles to 

“behave” based on simulations of oyster larvae in a well-mixed water column (sensu 

Dekshenieks et al., 1996), as opposed to orienting to a halocline (sensu North et al., 2008). 
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Particle depth in the water column was a function of ontogenetic stage. For example, during 

days 1-2 of ontogeny, particles were located near bottom (~3.5 m depth in 4.5m water 

column; Fig. 2a) to mimic negatively buoyant eggs and weak swimming veliger larvae. From 

day 3 to 6, particles ascended depth layers in a stepwise manner (Fig. 2a) as an  

approximation of the ontogenetic transition from a uniform vertical distribution at day 3-4 to 

a location in the upper part of the water column by day 7 (Dekshenieks et al., 1996). Particles 

were near surface from days 7-8. From day 9 to 12 particles descended depth layers in a 

stepwise manner, shifting from an upper to lower vertical distribution in the water column to 

mimic the ontogenetic stage at which sinking speeds exceed swimming speeds. Particles 

remained just above the bottom layer during days 13-14 to simulate the transition from 

veliger to competent pediveliger larvae. For the remainder of the ontogeny, particles were 

constrained to the bottom depth layer (Fig. 2a) to simulate pediveliger larvae searching for 

suitable settlement substrate.  

Reproductive output.—To test the effects of spatiotemporal variation in reproductive 

output on particle dispersal and reserve connectivity, we simulated dispersal of particles with 

(1) uniform and (2) spatiotemporally-explicit reproductive output. In the uniform 

reproductive output scenario, 11,000 particles were released from evenly spaced grid nodes 

within each reserve during each of seven daily particle releases during each of 10 spawning 

dates. In all, 7,700,000 particles were released.  

Spatiotemporally-explicit reproductive output was based on empirical data on oyster 

fecundity per m2 estimated during May 2007-2008 and July-August 2006-2007 at six 

reserves (WB, OC, HA, CH, BP, DB; Fig. 1) spanning the length width axis of Pamlico 
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Sound (Mroch et al., 2012). Fecundity per m2 of non-sampled reserves was interpolated using 

inverse distance weighting. We used a percent error-based cross-validation “leave one out”  

approach to test the interpolation accuracy of four distance-decay parameters (0.1, 1, 2, and 

3) and an adaptive distance-decay parameter developed by Lu and Wong (2008). The 

adaptive distance-decay approach was most accurate (> 40 % of predictions with percent 

error < 10%) and used for interpolations. Spatial variability in reproductive output was based 

on standardized (0 to 1) two-year mean fecundity per m2 for each reserve during May and 

July (Table 2; Fig. 2b). Intra-annual variability in reproductive output was based on the ratio 

of cumulative mean fecundity per m2 between May and July (10:1; Table 2). No inter-annual 

variability was included so that the number of total particles (7,700,000) released annually 

was equal in both scenarios (Table 2).  

Mortality.—To test the effects of mortality on particle dispersal and reserve connectivity, 

we simulated dispersal of particles (1) without mortality and (2) with constant daily 

mortality. In mortality scenarios, we applied a proportional daily mortality rate of 0.2 d-1 

based on the relationship between larval duration and predation developed by Jackson and 

Strathmann (1981) and applied to oyster larvae by Dekshenieks et al. (1997). A mortality rate 

of 0.2 d-1 is at the upper reported range of oyster larval mortality rates (0.07 to 0.25 d-1; 

Dekshenieks et al., 1997; Mann and Evans, 1998), but is below the average value for marine 

invertebrate larvae (0.22 d-1; Rumrill, 1990). At the beginning of each day, 20% of particles 

released from a reserve were randomly selected and removed from simulations due to 

mortality. Due to the stochastic implementation of mortality, we ran 10 iterations of mortality  

simulations (Paris et al., 2007) and calculated the average response variables (see below) of  
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the 10 iterations.  

Response variables 

Dispersal kernel.—Particle dispersal was defined by a 2-dimensional dispersal kernel 

describing the distance, direction, and spread of particles during dispersal (Nathan and 

Muller-Landau, 2000; Edwards et al., 2007; Huret et al., 2010). The dispersal kernel was 

calculated at the end of competency (day 21) in the absence of settlement for the full factorial 

of experimental simulations.  

Mean dispersal distance (d, km) and direction (θ, degrees) were calculated from the 

center of a natal reserve to the centroid of particles along the shortest path as: 

           )cos(coscossinsincos 000 ccc lonlonlatlatlatlataRd                     (1) 

   lonlatlatlatlatlatlona cc  coscossinsincos,cossin2tan 000              (2) 

where R is the radius of the earth (6,371 km), lonc and latc are longitude and latitude of 

centroid (in radians), respectively, and lon0 and lat0 are longitude and latitude of natal reserve 

center (in radians), respectively, and Δlon is the difference between lonc and lon0. Dispersal 

directions were converted to degrees clockwise from North. 

The spread and aggregation of particles were calculated as positive area (PA) and 

equivalent area (EA), respectively (Woillez et al., 2007; Huret et al., 2010). Positive area 

measures the area occupied by particles and is calculated as the sum of area units containing  

≥ 1 particle. Because low- and high-density values contribute equally, PA is sensitive to low 

density values. Equivalent area (EA) measures the area that would be occupied by particles if  

all grid cells had the same density and is calculated as: 
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where S is area of a grid cell and zi is the density of particles km-2 in grid cell i. Equivalent 

area, a measure of aggregation, ranges from 0 (high aggregation) to PA (low aggregation). If 

EA = PA, particle density values are equally distributed among the occupied area. Unlike PA, 

EA is sensitive to high density values. A 1 km2 resolution grid was superimposed over the 

entire model domain to estimate the number of grid cells containing particles and the density 

of particles in each grid cell.  

Connectivity matrix.—Connectivity was quantified in a connectivity matrix where matrix 

elements represent the number or proportion of particles released from a row-referenced 

reserve that settle in a column-referenced reserve.. The connectivity matrix was calculated at 

the end of competency (day 21) for the full factorial of experimental simulations.  

Local retention, the number or proportion of particles spawned from a reserve returning 

to settle within their natal reserve, was obtained from the diagonal elements of the 

connectivity matrix. Immigration, the number or proportion of particles spawned outside of, 

but settling within a reserve, was calculated by summing each column of the connectivity  

matrix excluding local retention. Self-recruitment, a measure of reserve isolation, was 

calculated as the fraction of all settlers—those immigrating and locally retained—settling 

within their natal reserve. Higher values of self-recruitment indicate predominately “closed”  

reserves.  The number of inter-reserve connections originating from a reserve was calculated  

by counting the non-zero elements excluding local retention within the reserve referenced 

row of the connectivity matrix. The magnitude of inter-reserve connections originating from 
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a reserve was calculated by summing each row of the connectivity matrix excluding local 

retention.  

Statistical analyses 

To test the main and interactive effects of (1) natal reserve location, (2) spawning date, 

(3) particle behavior, (4) spatiotemporal variation in reproductive output, and (5) particle 

mortality on dispersal and reserve connectivity, we performed a multi-factor, multivariate 

analysis of variance (MANOVA) using the 50-50 MANOVA MATLAB code from Langsrud 

(2002) as in Edwards et al. (2007) to handle multiple highly collinear responses. All main 

effects and second-order interaction terms were included in MANOVAs. To determine the 

overall driver of dispersal and connectivity, we conducted MANOVAs on the entire set of 

dispersal kernel and connectivity response variables. To determine the drivers of individual 

dispersal and connectivity patterns, we conducted MANOVAs on 5 grouped response 

variables: (1) dispersal distance and direction, (2) particle spread and aggregation, (3) local 

retention and self-recruitment, and (4) the number and magnitude of inter-reserve  

connections.   

RESULTS 

Wind forcing and current velocity 

Winds at Hatteras, NC during May-June and July-August 2006-2010 were predominately 

southwesterly (towards northeast) at mean speeds of 3-4 m s-1 (Fig. 3). Based on mean wind 

speed, direction, and frequency of northerly wind reversals over the 5 year period we 

examined, winds during July-August 2006 were categorized as “average”. Winds during 

May-June 2007 and July-August 2009 were categorized as anomalous based on the relatively 
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high (43%) and low (13%) frequency of northerly wind reversals, respectively (Fig 3).   

Predicted current velocities responded rapidly to changes in wind speed and direction, but 

were generally directed northeasterly with prevailing winds along the western and eastern 

boundary of Pamlico Sound (Fig. 4). Predicted return flows from northern Pamlico Sound, 

particularly near-bottom, were generally directed southerly (Fig. 4). Surface and bottom 

predicted current velocities in the shallow waters of Pamlico Sound were highly correlated 

along the 1:1 line in the East-West (U) and North-South (V) directions (R > 0.82, p < 

0.0001).  

1) What factors determine dispersal distance and direction?  

Variation in particle dispersal distance and direction was driven primarily by Natal 

Reserve and the Reserve X Spawning Date interaction (22%; Table 3). Behavior and the 

Behavior X Reserve interaction explained 11% of the variation in dispersal distance and 

direction (Table 3). Dispersal distance and direction were not affected by Mortality and  

Reproductive Output.  

Dispersal of passive surface drifting particles was generally directed northerly with 

prevailing winds over mean distances ranging from 2.0 km at CH in August 2007 to 75 km at 

HA in June 2009 (median = 22 km; Fig. 5; see video at 

http://www.youtube.com/watch?v=1XWXefjreU8). The maximum distance any single 

particle dispersed was 120 km. In general, passive particles released from HA and TB 

dispersed the greatest distances (Appendix 6), but the effect of spawning date on dispersal 

distance was not equal across reserves. For instance, dispersal distances were maximal at HA 

and TB during August 2009 when northerly wind reversals were least common (Fig. 3), but 
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minimal at reserves located in semi-enclosed embayments (e.g., DB and WB; Figure 5c). In 

contrast, during June 2007 when northerly wind reversals were most common (Fig. 3), 

dispersal distances were greater at DB and WB than at more exposed reserves such as HA 

and TB (Fig. 5b). 

Depth regulating particle behavior reduced mean dispersal distances by 5-75% compared 

to passive surface drifting particles. Behaving particles were also more likely to disperse 

southerly against prevailing winds than passive particles (5% vs. 25% of simulations), 

particularly at CH and CS, the two northern-most reserves.  

2) What factors determine particle spread and aggregation? 

Variation in particle spread and aggregation was driven primarily by Natal Reserve 

(31%) and the Mortality X Reserve interaction (20%; Table 3). Spawning Date and Behavior  

and their interaction with Reserve explained 10% and 9%, respectively, of the variation in 

particle spread and aggregation (Table 3). The Reproductive Output X Spawning Date 

interaction explained 5% of the variability in spread and aggregation. 

Passive surface drifting particles spread over an area (i.e., PA) ranging from 2 km2 at DB 

in August 2008 to 471 km2 at OC in June 2008 (median = 80 km2; Appendix 6). Aggregation 

of passive particles was highest at DB in August 2008 (EA = 2 km2) and lowest at OC in 

August 2010 (EA = 254 km2). Generally, particles released from OC, TB, and GS spread 

over the largest area, whereas particles released from DB, CS, and MB were most aggregated 

(Fig 5; Appendix 6).   

Mortality decreased the spread of particles by 30-75% and increased aggregation of 

particles by 5-40%. The effect of mortality on particle spread was greatest at OC and TB 
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where particle spread was highest and aggregation lowest (Fig. 6a vs. b), and least at CS and 

MB where particle spread was lowest and aggregation highest (Fig 6d vs. e).  

Particle behavior generally increased particle spread by 10-600% and reduced particle 

aggregation by 20-400%. Unlike mortality, the effect of behavior on particle spread was 

greatest at CS and MB where spread of passive particles was lowest and aggregation highest 

(Fig. 6a vs. c), and least at OC and TB where spread of passive particles was highest and 

aggregation lowest (Fig 6d vs. f).  

Spatiotemporal variation in reproductive output increased particle spread by 30-35% 

during June peak spawning dates, but decreased particle spread by 55-60% during August  

secondary spawning dates.   

3) What factors determine local retention and self-recruitment? 

Variation in local retention and self-recruitment was driven primarily by Natal Reserve 

(16%) and the Behavior X Reserve interaction (15%; Table 3). Spawning Date and Mortality 

and their interaction with Reserve explained 14% and 8%, respectively, of the variation in 

local retention and self-recruitment (Table 3). The Reproductive Output X Spawning Date 

interaction was significant, but only explained 1% of the variability in retention and self-

recruitment. 

Local retention of passive particles was generally low in magnitude ranging from <1% of 

particles released from every reserve during at least one spawning date to 86% of particles 

released from WB during August 2009 (median = 0.6%; Fig. 7; Appendix 6). Across 

spawning dates, local retention was highest at WB and CS (Appendix 6). Self-recruitment, 

the ratio of local retention to total settlement, ranged from 0% (i.e., completely ‘open’) to 
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100% (i.e., completely ‘closed’; Fig. 7). At most reserves self-recruitment was <50% during 

a majority of spawning dates. Certain reserves, such as TB, were completely closed whereby 

self-recruitment was >90% during all spawning dates (Fig 7).  

Particle behavior generally increased local retention by 30-1500% and self-recruitment 

by 30-700% (Fig. 8a vs. c), but the effects of behavior on local retention and self-recruitment 

were not equal among reserves. For instance, mean local retention of particles at DB pooled 

across spawning dates increased from 0% to 38% when particle behavior was implemented,  

whereas mean local retention remained relatively low and unchanged (0.01 vs. 0.014) at GS  

where advective currents were stronger.  

Daily removal of particles due to mortality decreased local retention of particles by 95-

100% (Fig. 8a vs. b). The effects of mortality on self-recruitment were inconsistent among 

reserves. For instance, mean self-recruitment pooled across spawning dates decreased from 

65% to 40% (i.e., more open) at WB in the presence of mortality. At other reserves such as 

HA (19% vs. 20%) and GS (6% vs. 5%), mean self-recruitment was relatively insensitive to 

mortality.  

4) What factors determine number and magnitude of inter-reserve connections? 

Variation in the number and magnitude of inter-reserve connections was driven primarily 

by Natal Reserve (13%), Spawning Date (8%), and their interaction (22%; Table 3). 

Behavior X Reserve interaction and Mortality each explained 4% of the variation in 

connectivity (Table 3). The Reproductive Output X Spawning Date interaction was 

significant, but only explained 2% of the variability in connectivity. 

Every reserve was connected to ≥ 1 reserve during at least one spawning date, but no 
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reserve was connected to > 4 (of 9) reserves during a spawning date (Fig. 7; Appendix 6). 

Only 35 of the possible 90 inter-reserve connections occurred when pooled across all ten 

spawning dates. The magnitude of inter-reserve connections, when present, ranged from <1% 

of particles released from every reserve during at least one spawning date to 99% of particles  

released from DB during June 2007 (median = 4%; Fig. 7b; Appendix 6). Across spawning  

dates, the magnitude of inter-reserve connections was highest at CH and HA (Appendix 6). 

Connectivity was often asymmetrical and directed northerly. For instance, the number and 

magnitude of connections between CH and CS, two reserves separated by ~10 km, was 

>90% lower when particles emigrated southerly from CS to CH than when emigrating 

northerly from CH to CS.  

Daily removal of particles due to mortality decreased the magnitude of inter-reserve 

connections by 95-98% (Fig. 8a vs. b). Despite large mortality-induced reductions in 

magnitude, the number of inter-reserve connections was only reduced by 0-30% suggesting 

that mortality rarely completely severed connections between reserves (Fig. 8a vs. b).   

Particle behavior generally decreased the number and magnitude of inter-reserve 

connections by 5-90% and 20-30% (Fig. 8a vs. c), respectively, but the effect of behavior on 

connectivity was not consistent among reserves. For instance, the number and magnitude of 

inter-reserve connections of behaving particles increased at MB and CS by 125-250% and 

300-350%, respectively (Fig. 8a vs. c).    

DISCUSSION 

The location and timing of spawning relative to physical processes driven by 

meteorological conditions, particularly frequency of wind reversals, were the dominant 
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drivers of particle dispersal and reserve connectivity. The significance of wind-driven flows 

on variability in dispersal and connectivity patterns is consistent with several studies  

investigating polychaetes, decapods, bivalves, and fishes across a wide range of  

spatiotemporal scales and biophysical scenarios (Young et al., 1998; Hinrichsen et al., 2003; 

Ellien et al., 2004; Ayata et al., 2009; Eggleston et al., 2010; Basterretxea et al., 2012). To a 

lesser extent, larval behavior and demography influenced dispersal and connectivity patterns, 

but the effects of each were often dependent on spatial variability in circulation relative to 

spawning location. Dispersal and connectivity were relatively insensitive to spatiotemporal 

variability in adult reproductive output.      

Over a 21 day larval duration in Pamlico Sound, mean particle dispersal distances were 

~20-25 km with few particles dispersing distances approaching 100 km. By the end of 

competency, advective currents spread particles over an area covering anywhere from 0.03 to 

8% of Pamlico Sound’s ~6600 km2. Local retention of passive particles was typically small 

in magnitude (median <1% of particles) such that immigration exceeded local retention (self-

recruitment < 50%) and, thus, most reserves were demographically “open”. Particle behavior 

increased median local retention by an order of magnitude thereby doubling the proportion of 

reserves that were demographically “closed”. Over 5 years, ~40% of the 90 possible inter-

reserve connections were present, but the magnitude of connections was highly variable (<1 

to 99% of particles) and often asymmetrical.  

Caveats regarding model assumptions 

We made several assumptions to simplify the biophysical model applied in this study. 

Two physical forcing mechanisms—tides and freshwater inflow—that may influence  
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circulation in PS were not included within the hydrodynamic model. In PS, the tidal signal is  

minimal (± 5 cm s-1; Pietrafesa et al., 1986;  Luettich et al., 2002) at distances > 10 km from 

inlets where all reserves except CS were located. Mean current velocities due to freshwater 

runoff and riverine discharge during years of average rainfall are also relatively weak (~3 cm 

s-1; Pietrafesa et al., 1986). The influence of freshwater discharge on circulation in Pamlico 

Sound was likely further reduced by the “dry” and “drought” conditions during the years 

simulated in this study (http://www.nc-climate.ncsu.edu/office/newsletters).  

Biologically, we made three simplifying assumptions. First, all behaving particles 

exhibited identical vertical distribution at a given ontogenetic stage. Intra-cohort variation in 

vertical distribution (i.e., behavior) of oyster larvae is common (Carriker, 1951; Dekshenieks 

et al., 1996), but without knowledge of cues used to regulate larval vertical position in a well-

mixed water column, we used a jack-knifed vertical distribution for all particles at a given 

ontogenetic stage. Second, all particles developed at the same rate (i.e., equal pelagic larval 

duration). The rate at which oyster larvae develop and subsequently become competent to 

settle is known to vary, particularly as a function of temperature and salinity (Shumway, 

1996; Narvaez et al., 2012b). Because dispersal distance is generally positively related with 

larval duration (Shanks et al., 2003), we may have overestimated dispersal distances of July-

August spawned particles that may have gained competency faster than their May-June 

spawned counterparts due to exposure to warmer water temperatures. Third, all particles 

were subjected to the same constant mortality rate despite the likelihood of patchily  

distributed predators (Folt and Burns, 1999) and spatiotemporal variability in tolerable  

environmental conditions (Dekshenieks et al., 1997; Narvaez et al., 2012b). For instance, 
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particles released from CH and CS that often dispersed into Albemarle Sound would likely 

suffer extreme mortality due to the low salinity waters (<5; Epperly and Ross, 1986) relative 

to oyster larval tolerance (Shumway, 1996 and references therein). Yet, without empirical 

data on the clines in larval mortality due to availability of food, patchiness of predators, and 

physiological tolerances, modeling spatiotemporal variability in mortality is difficult (Paris et 

al., 2007).    

1) What factors determine dispersal distance and direction? 

Spawning location relative to wind-driven circulation patterns, as well as the timing of 

spawning relative to temporal stochasticity in wind forcing determined, in large part, the 

dispersal distance and direction of particles in this study and similar studies (Edwards et al., 

2007; Ayata et al., 2010; Huret et al., 2010). Particles released from spawning locations in 

semi-enclosed bays within Pamlico Sound (e.g., WB) during consistent southerly winds 

dispersed relatively short distances, likely due to gyre-like recirculation patterns and 

increased probability of encountering the shoreline (i.e., model boundary). Conversely, when 

northerly wind reversals were most frequent, particles released from semi-enclosed bays 

dispersed longer distances. At spawning locations outside of semi-enclosed bays (e.g., HA), 

the effects of wind-driven circulation on dispersal distance were opposite; consistent 

southerly winds promoted relatively long distance dispersal. Dispersal distances in this study  

compared favorably to those reported for Crassostrea virginica in Delaware Bay (Narvaez et  

al., 2012a) and Ostrea chilensis in Tasman Bay (Broekhuizen et al., 2011), but maximum 

dispersal distances were markedly shorter than those reported for C. virginica in Chesapeake 

Bay (90-120 km vs. 225 km; North et al., 2008). The discrepancies between maximum 
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dispersal distances in Pamlico Sound and Chesapeake Bay may have been due to seiching in 

Pamlico Sound, a periodic “sloshing” of water during relaxation of southerly winds, which 

can induce an oscillatory flow in this well-mixed wind-driven system (Luettich et al., 2002). 

Particle behavior modified dispersal distance and direction despite the relatively 

homogenous surface and bottom current velocities in Pamlico Sound. Ontogenetic depth 

regulating behavior increased exposure of particles to slower near-bottom current velocities 

that were, in certain places, directed in opposite directions of surface currents, which reduced 

dispersal distances and enabled dispersal to occur in directions opposite of prevailing winds. 

Behavior-induced reductions in dispersal distance have been reported for multiple species 

and systems, but the effect of behavior relative to this study was greater for species with 

longer pelagic larval durations (e.g., Butler et al. 2010), for species with rapid changes in 

vertical distribution (e.g., Sundelof and Jonsson, 2012), and those in stratified systems (e.g., 

North et al. 2008). Indeed, the maximum dispersal distance of passive and behaving particles 

in Pamlico Sound, a well-mixed system, differed by ≤ 65 km whereas the maximum dispersal 

distances of two oyster species—Crassostrea virginica and C. ariakensis—that orient above 

vs. below the halocline in Chesapeake Bay, a partially-mixed system, differed by ≤ 100 km  

(North et al., 2008).  

2) What factors determine particle spread and aggregation? 

Although particle spread was greater during the major peak in spawning (May-June) 

compared to the secondary peak in spawning (July-August), the primary determinant of 

particle spread and aggregation was the location of spawning relative to advective flow 

fields. Particles released from spawning locations adjacent to heterogeneous currents spread 
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over the greatest area. For example, currents adjacent to OC, from where particle spread was 

greatest, were predominately northeasterly along the southern and eastern reserve boundary, 

predominately southerly along the northern reserve boundary, and northwesterly along bluff 

shoal, a geomorphological feature bisecting Pamlico Sound (Figs 3 & 4). Frequent wind 

reversals further increased flow field heterogeneity, such that advection diluted the original 

concentration of particles by up to 2-3 orders of magnitude. Conversely, aggregation of 

particles was greatest where spawning locations were in semi-enclosed bays (e.g., DB) and 

adjacent to uniform flow-fields (e.g., CS) or during spawning times characterized by 

consistent southerly winds. Particles that remained highly aggregated throughout the 21 day 

period typically dispersed short distances, whereas particles dispersing longer distances 

spread over larger areas. In patchy reef habitats, spreading larvae over a large area where 

advection results in long distance dispersal may increase the chance of encountering suitable 

habitat (Drew and Eggleston, 2008). Alternatively, short distance dispersal of larval 

aggregations may promote settlement “booms” of locally retained larvae that may be  

important in sustaining subpopulations (Caley et al., 1996; Botsford et al., 2001).   

Mortality constrained the spread of particles, at least in part, by incrementally reducing 

the physical number of particles dispersing over time. Cowen et al. (2000) documented a 

similar mortality-induced decline in particle spread when particles released from coral reefs 

surrounding Barbados were exposed to a mortality rate of 18% d-1 (20% d-1 in this study). 

Particle aggregation was less affected by mortality than particle spread.   

The effect of behavior on particle spread and aggregation was relatively minor, which 

contrasts somewhat with related studies that show larval behavior as a mechanism promoting 
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larval aggregations (Wiafe and Frid, 1996; Folt and Burns, 1999 and references therein). For 

example, behavior was the single-most significant factor explaining variability in particle 

spread and aggregation of anchovy (Engraulis enrasicolus) in the Bay of Biscay where 

vertically swimming particles were more aggregated than passive particles (Huret et al., 

2010). The minor effects of larval behavior on particle spread in this study may have been an 

artifact of releasing particles over seven, 24 hour intervals (rather than simultaneously), 

which exposed particles released at each interval to different currents in vertical (Fig. 2a) and 

horizontal space thereby increasing particle spread.  

3) What factors determine local retention and self-recruitment? 

Both location and timing of spawning were significant and interacting drivers of particle 

dispersal (see above) and, subsequently, particle local retention and self-recruitment in this 

study and similar studies (Young et al., 1998; Ellien et al., 2004; Ayata et al., 2009). Local  

retention was generally highest at spawning locations in semi-enclosed bays within Pamlico  

Sound. Frequent wind reversals during spawning dates also promoted local retention. Ellien 

et al. (2004) observed a similar trend in the Bay of Seine (English Channel) where local 

retention of particles during alternating east and west winds was 10-20% higher than during 

consistently directed winds. When and where local retention was high, self-recruitment was 

generally high, particularly at spawning locations in the southern portion of Pamlico Sound 

where asymmetrical connectivity (see 4 below) from southwest to northeast limited 

immigration to spawning locations in southern Pamlico Sound.    

We documented behavior-mediated increases in local retention and self-recruitment, 

which is consistent with the work of others (Sponaugle et al., 2002; Paris et al., 2007; North 
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et al., 2008; Cowen and Sponaugle, 2009; Butler et al., 2011). In our study, the most striking 

contrast between local retention and self-recruitment of non-behaving vs. behaving particles 

occurred at DB where local retention increased from 0% to 20-65% with the addition of 

particle behavior. Likewise, self-recruitment increased from 0% to 70-95% when particle 

behavior was implemented. While behavior increased local retention to the point that mean 

local retention in this study compared favorably (10% vs. 2.5%) to estimates for oysters in 

Chesapeake Bay (North et al., 2008), our estimates were well below reported values for other 

species with similar larval durations (~21 d) in predominately wind-driven systems. In a bay 

along the eastern coast of England, mean local retention of simulated bivalve larvae under 

various wind conditions was ~45% (Young et al., 1998). Similarly, in the NW Mediterranean  

Sea, synoptic wind patterns resulted in a mean local retention of 30% of simulated fish larvae  

(Basterretxea et al., 2012). Despite the relatively low levels of local retention predicted in 

this study, particle behavior promoted relatively high median self-recruitment (68%) at levels 

similar to those reported for reef fishes (16-81%; Jones et al., 2009). In patchy reef habitats 

where distances between habitat patches are more than double mean dispersal distances, such 

as in our study, even relatively low levels of local retention are expected to exceed 

immigration, thereby promoting self-recruitment (Pinsky et al., 2012).  

4) What factors determine number and magnitude of inter-reserve connections? 

The location and timing of spawning relative to circulation patterns, as well as proximity 

and orientation of spawning locations relative to one another largely determined the number 

and magnitude of connections. Spawning locations such as OC and TB characterized as 

“long-distance dispersers” and “broadcasters” (i.e., greatest particle spread) generally 
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provided the greatest number of connections, although the magnitude of each connection was 

relatively small (< 15% of particles). Connections of larger magnitude (up to 99% of 

particles) originated from spawning locations located in semi-enclosed bays where particle 

aggregation was relatively high, but these connections were few in number. Frequent wind 

reversals increased the number of connections originating from spawning locations in semi-

enclosed bays by promoting dispersal of particles outside of bays (see 1 above). During 

consistently southerly winds, connections were exceedingly rare in number and small in 

magnitude.  

Connectivity patterns in our reserve system shared two common characteristics with 

other studies: connections were (1) asymmetrical in space and (2) limited in number and 

magnitude. Regarding the former, the number and magnitude of connectivity between the 

two closest reserves, CH and CS (~10 km apart), was an order of magnitude more frequent 

and two orders of magnitude larger when particles emigrated northerly with prevailing winds 

from CH to CS than when emigrating southerly from CS to CH. Similarly, Carson et al. 

(2010) documented asymmetries of similar strength between spawning locations of mytilid 

mussel (Mytilus californianus) whereby the magnitude of connectivity was 2-10 times larger 

from south to north coincident with near-shore wind-driven surface currents during peak 

spawning. Regarding limited connectivity in our study, only 10-25% of the possible inter-

reserve connections were present during a given spawning date and less than half were 

present over the 5 year period investigated. Ayata et al. (2010) also reported the presence of 

10-25% of possible connections between 16 spawning locations in the Bay of Biscay and 

English Channel. The magnitude of connectivity in our reserve system was highly variable 
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(range 1% to 99%), but small, on average (~10%), which is consistent with values reported 

for clownfish in Papua New Guinea (12%; Saenz-Aqudelo et al., 2011), scallops 

(Placopecten magellanicus) on Georges Bank (13-45%; Gilbert et al., 2010), and mytilid 

mussels (Mytilus californianus) off the southern Californian coast (1-33%; Carson et al., 

2010). Limited connectivity coupled with relatively low levels of local retention suggests that  

this network of oyster reserves may not be sufficiently connected to achieve self-

sustainability, a common goal of reserve networks (Gaines et al., 2010).  

Management implications 

Our results suggest that (1) reserves in this network are too small to promote extensive 

local retention and spaced too far apart (typically ~ 50 km) to promote extensive 

connectivity, (2) reserve sizes required to further increase local retention are likely too large 

to be socioeconomically feasible, and (3) more reserves, spaced closer together are needed to 

increase network connectivity and realize its many benefits (e.g., Gaines et al., 2010). In 

terms of oyster restoration, stock enhancement efforts should focus on reserves such as TB 

and HA that provide multiple inter-reserve connections, but receive relatively little local 

retention or immigration of particles. Seeding reserves with disease-resistant oysters to 

combat epizootics that have exacerbated oyster population declines (Ford and Tripp, 1996), 

may be most successful at reserves such as WB characterized by high local retention as well 

as high emigration of particles. Such reserves are more likely to be self-sustaining while 

simultaneously capable of dispersing disease-resistant larvae to other reserves.      

Conclusions 

The presence of reserves representing discrete subpopulations characterized by 
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spatiotemporal variation in adult demographic rates (Mroch et al., 2012; Puckett and 

Eggleston, 2012) that are connected via asynchronous and asymmetrical larval dispersal, 

suggests that this reserve network is particularly amenable to testing metapopulation  

concepts (Sale et al., 2006). Furthermore, the importance of spawning location on both larval 

connectivity (this study) and adult demographic rates (Puckett and Eggleston, 2012) suggests  

that source-sink dynamics may be an important component of this metapopulation (Figueira 

and Crowder, 2006). Only when adult demography and larval connectivity are integrated 

within a metapopulation framework can comprehensive management of this reserve system 

be obtained (Lipcius et al., 2001; Lipcius et al., 2008).   
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Table 1. Experimental factors, levels within factors, and values used in particle dispersal 

simulations. 

Factor Levels Values 
Natal Reserve 10 WB, OC, HA, CH, BP, DB, MB, TB, CS, GSa 
Spawning date 10 May-June and July-August 2006-2010 
Behavior 2 Passive surface drifting vs. ontogenetic depth regulationb 
Reproductive      
   output 

2 Constant in space and time (uniform) vs. variable in space and time 
(spatiotemporally-explicitc) 

Mortality 2 0 vs. 20% d-1 
a See Figure 1 for locations 
b Based on Dekshenieks (1996); See Figure 2a 
c Based on Mroch et al. (2012); See Figure 2b 
 



 

117 

Table 2. Inputs for scenarios with spatiotemporally-explicit reproductive output. For 

reference, the total number of particles released in uniform reproductive scenarios = 77,000 

reserve-1 for May and July of a given year. For reserve locations, see Fig. 1. 

 May  July 
Natal Reserve Number of particles  Number of particles 

WB 154,000  4,200 
OC 84,000  35,000 
HA 224,000  32,200 
CH 112,000  16,800 
BP 126,000  8,400 
DB 126,000  2,800 
MB 154,000  2,800 
TB 140,000  5,600 
CS 154,000  16,800 
GS 126,000  15,400 
Total 1,400,000  140,000 

 



 

118 

Table 3. Multi-factor, multivariate analysis of variance (MANOVA) results quantifying the percentage of variance explained in 

five sets of dispersal or connectivity response variables at the end of particle competency (day 21) as a function of five factors and 

their 2nd order interactions. Significant factors and 2nd order interactions are shown. 

 Factor df Distance and direction Spread and aggregation Local retention and self-
recruitment 

Number and magnitude of inter-
reserve connections 

Behavior (B) 1 4.0 5.8 7.1 1.0 
Reproductive output (F) 1  1.0  1.0 
Mortality (M) 1  13.6 4.0 4.1 
Reserve (R) 9 36.3 30.9 16.4 13.3 
Time (T) 9 7.6 4.8 2.7 8.2 
B x F 1     
B x M 1  1.0 1.0  
B x R 9 7.3 3.4 8.1 4.2 
B x T 9 1.9 1.1 1.5 2.2 
F x M 1     
F x R 9     
F x T 9  3.7 1.3 1.5 
M x R 9  6.2 4.1  
M x T 9  1.2  2.3 
R x T 81 21.6 10.3 13.9 20.6 
Error 640 21.1 16.8 38.9 41.4 
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Figure 1. Map of the Croatan-Albemarle-Pamlico-Estuarine System (CAPES) in North 

Carolina, USA. Location of oyster reserves in Pamlico Sound are depicted by squares (not to 

scale). Labeled reserves—West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), 

Bluff Point (BP), and Deep Bay (DB), Middle Bay (MB), Turnagain Bay (TB), Croatan 

Sound (CS), and Gibbs Shoal (GS). Asterisk indicates location of wind observations at Cape 

Hatteras Meteorological Station. Map of southeast USA inset for reference.  
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Figure 2. Particle behavior and mean fecundity. (a) Schematic of particle behavior scenarios 

depicting particle depth during each day of the larval duration in a 4.5 m water column 

(average depth of Pamlico Sound). Shaded area represents days during which particles were 

competent to settle. b) Relative mean fecundity m-2 for each reserve during May-June and 

July-August. Estimates of fecundity at West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab 

Hole (CH), Bluff Point (BP), and Deep Bay (DB) were derived empirically by Mroch et al. 

(2012). Fecundity estimates at Middle Bay (MB), Turnagain Bay (TB), Croatan Sound (CS), 

and Gibbs Shoal (GS) were interpolated (see Methods for description of interpolation 

procedure). The horizontal dashed line depicts a spatially homogenous mean relative 

fecundity.  



 

121 

 

 



 

122 

 
 
 
Figure 3. Hourly wind velocity (m s-1) and direction observed at Cape Hatteras 

Meteorological Station during a) July 16 to August 21, 2006 when winds were “average”, b) 

May 16 to June 21, 2007 when northerly wind reversals were most common, and c) July 16 

to August 21, 2009 when winds were most consistently southerly. Positive and negative 

velocities depict southerly (towards north) and northerly (towards south) wind directions, 

respectively. 
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Figure 4. Mean predicted surface current velocities across the model domain during a) July-August 2006 when winds were 

“average”, b) May-June 2007 when northerly wind reversals were most common, and c) July-August 2009 when winds were most 

consistently southerly. To reduce overlap, current velocities from every 5th model grid node were plotted. Velocity vectors are 

color-coded by compass quadrant: NE = blue, NW = magenta, SW = black, SE = green. Reserve locations are designated by red 

squares (not to scale).  
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Figure 5. Final location of passive surface drifting particles released from each reserve after 

21 days of dispersal during a) July-August 2006 when winds were “average”, b) May-June 

2007 when northerly wind reversals were most common, and c) July-August 2009 when 

winds were most consistently southerly. Particle colors match color of natal reserve (squares, 

not to scale). Mean location of particles (i.e., particle centroid) is depicted by color-coded 

open circles. Mean dispersal distance and direction of particles from each reserve are inset on 

compass plots. Dispersal simulations included a combination of uniform reproductive output 

and no mortality. Labeled reserves—West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab 

Hole (CH), Bluff Point (BP), and Deep Bay (DB), Middle Bay (MB), Turnagain Bay (TB), 

Croatan Sound (CS), and Gibbs Shoal (GS). 
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Figure 6. Spread of particles released from OC and TB (a-c) and MB and CS (d-f) reserves at 

the end of competency during July-August 2006 (“average” winds) in dispersal simulations 

with a combination of passive surface drifting particles and no mortality (a and d), passive 

surface drifting particles exposed to mortality (b and e), and ontogenetic depth regulating 

particles and no mortality (c and f). In all panels, reproductive output was uniform. Particle 

colors match color of natal reserve (squares, not to scale). Labeled reserves—Ocracoke (OC), 

Middle Bay (MB), Turnagain Bay (TB), and Croatan Sound (CS). 
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Figure 7. Particle connectivity plots during a) July-August 2006 when winds were “average”, 

b) May-June 2007 when northerly wind reversals were most common, and c) July-August 

2009 when winds were most consistently southerly. The percentage of locally retained and 

emigrating particles was depicted by the color of the circles and arrows, respectively. Self-

recruitment at each reserve is inset as pie charts near reserve labels. The fraction of self-

recruitment is represented in black (i.e., open circles = open reserves, closed circles = closed 

reserves). Self-recruitment was not shown for reserves where local retention and immigration 

= 0. Dispersal simulations included a combination of passive surface drifting particles, 

uniform reproductive output, and no mortality. Labeled reserves—West Bay (WB), Ocracoke 

(OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), and Deep Bay (DB), Middle Bay 

(MB), Turnagain Bay (TB), Croatan Sound (CS), and Gibbs Shoal (GS).
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Figure 8. Particle connectivity plots during July-August 2006 (“average” winds) in dispersal 

simulations with a combination of a) passive surface drifting particles and no mortality, b) 

passive surface drifting particles exposed to mortality, and c) ontogenetic depth regulating 

particles and no mortality. In all panels, reproductive output was uniform. The percentage of 

locally retained and emigrating particles was depicted by the color of the circles and arrows, 

respectively. Self-recruitment at each reserve is inset as pie charts near reserve labels. The 

fraction of self-recruitment is represented in black (i.e., open circles = open reserves, closed 

circles = closed reserves). Self-recruitment was not shown for reserves where local retention 

and immigration = 0. Labeled reserves—West Bay (WB), Ocracoke (OC), Hatteras (HA), 

Crab Hole (CH), Bluff Point (BP), and Deep Bay (DB), Middle Bay (MB), Turnagain Bay 

(TB), Croatan Sound (CS), and Gibbs Shoal (GS). 
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APPENDIX 5 

Hydrodynamic model parameters and associated values. Parameter values were chosen by 

Haase et al. (2012) to maximize correlation between observed and simulated current 

velocities.  

 
Parameter Value 
Time step 10 sec 
Vertical eddy viscosity coefficient 0.05 m2 s-1 
Lateral eddy viscosity coefficient 2.0 m2 s-1 
Quadratic slip bottom coefficient 0.0025 
Free surface roughness 0.033 
Bottom roughness 0.02 
Number of depth layers 7 



 

133 

APPENDIX 6 

Mean ± SE and range of a) dispersal and b) connectivity response variables calculated for 

each reserve over 10 spawning dates (May-June and July-August 2006-2010) in simulations 

with a combination of no behavior, uniform reproductive output, and no mortality. Particle 

spread and aggregation were measured as Positive Area and Equivalent Area, respectively. 

For reserve locations, see Fig. 1.   

a) 
Natal Reserve Dispersal distance-km 

(range) 
Particle spread-km2 

(range) 
Particle aggregation-km2 

(range) 
WB 17.3±1.8 (2-42) 84.2±18.4 (6-157) 10.4±1.4 (4-18) 
OC 27.7±2.2 (5-50) 326.9±31.9 (195-471) 136.2±25.3 (60-255) 
HA 44.7±2.8 (20-75) 148.8±32.4 (13-341) 35.2±11.8 (7-128) 
CH 15.9±1.2 (2-26) 64.4±9.6 (22-113) 15.1±2.0 (8-38) 
BP 29.5±2.2 (10-52) 77.2±16.4 (19-185) 15.4±2.0 (7-38) 
DB 10.6±1.4 (3-33) 18.5±4.7 (2-41) 7.4±0.8 (2-12) 
MB 19.3±1.4 (4-31) 48.6±10.1 (12-99) 13.2±1.3 (6-19) 
TB 34.4±1.8 (22-60) 293.0±30.5 (136-371) 83.6±20.7 (13-204) 
CS 20.6±1.2 (2-33) 26.9±5.1 (14-57) 9.4±0.9 (6-15) 
GS 25.9±2.0 (7-53) 164.4±22.1 (65-266) 40.0±9.6 (17-114) 

 
b) 
Natal Reserve Local retention-% 

(range) 
Self-recruitment-% 

(range) 
Number of inter-

reserve connections 
(range) 

Magnitude of inter-
reserve connections-% 

(range) 
WB 11.5±8.7 (0-86) 62.5±15.5 (0-100) 1.3±0.4 (0-4) 9.5±5.8 (0-55) 
OC 0.5±0.3 (0-3) 50.3±15.9 (0-100) 2.5±0.4 (0-4) 4.1±1.3 (0-13) 
HA 0.4±0.4 (0-4) 19.7±13.1 (0-100) 1.3±0.4 (0-3) 11.3±8.9 (0-91) 
CH 1.1±0.5 (0-4) 15.2±7.1 (0-63) 1.0±0.1 (0-2) 14.5±5.2 (0-48) 
BP 2.2±1.3 (0-11) 8.0±5.8 (0-59) 1.5±0.3 (0-3) 3.8±1.7 (0-17) 
DB 0.0±0.0 0.0±0.0 0.1±0.1 (0-1) 9.9±9.9 (0-99) 
MB 6.9±5.2 (0-50) 14.0±10.0 (0-99) 1.2±0.4 (0-4) 2.6±1.3 (0-11) 
TB 1.0±0.2 (0-2) 99.0±1.0 (90-100) 2.6±0.2 (2-4) 9.3±2.3 (2-20) 
CS 13.0±6.1 (0-51) 20.2±7.5 (0-64) 0.2±0.1 (0-1) 1.0±0.7 (0-8) 
GS 1.1±1.0 (0-10) 5.8±3.0 (0-24) 1.9±0.2 (1-3) 5.4±1.6 (0-18) 
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CHAPTER 3 

METAPOPULATION DYNAMICS AND THE DESIGN OF A MARINE RESERVE 
NETWORK 

 
 

ABSTRACT 

The concepts of metapopulations and source-sink dynamics are central tenets of reserve 

networks, however, effective application of these concepts are often limited by a lack of data 

on spatiotemporally explicit demographic rates and connectivity among subpopulations. In 

this study, we integrated empirically-based demographic rates and regional hydrodynamic-

based connectivity estimates within a metapopulation matrix model to assess the self-

sustainability of a network of ten marine reserves that serve as oyster broodstock sanctuaries 

in Pamlico Sound, North Carolina, USA. We (1) modeled metapopulation dynamics of the 

reserve network to determine metapopulation growth rate, (2) identified source and sink 

reserves, (3) assessed the efficacy of stock enhancement to improve network sustainability, 

and (4) evaluated whether a Few Large or Several Small reserves, a modification of the 

Single Large or Several Small (SLOSS) debate, promoted greater network connectivity. 

Spatiotemporal variation in oyster demographic rates and asymmetric inter-reserve larval 

connectivity created source-sink structure within the reserve network. Oyster metapopulation 

abundance was projected to decline an order of magnitude over a 5 year period due primarily 

to limited larval connectivity. Stock enhancement was unable to augment the metapopulation 

decline. Several small reserves tended to promote greater metapopulation retention of 

reserve-spawned larvae than a few large reserves. As the number or area of reserves in the 

network increased, however, larval connectivity was equivalent between both designs, 
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suggesting that Few Large and Several Small reserves (FLASS) may be the optimal network 

design. Marine reserves can be an effective management tool for improving demographic 

rates and size-structure, but designation of multiple reserves does not guarantee a self-

sustaining network without consideration of metapopulation and source-sink dynamics in the 

design.   
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INTRODUCTION 

Networks of no-take marine reserves are increasingly applied to conserve biodiversity 

and manage populations (Allison et al., 1998; Almany et al., 2009; Gaines et al., 2010). The 

metapopulation concept, which describes the dynamics of subpopulations inhabiting discrete 

patches connected by dispersal (Levins, 1969; Hanski and Gilpin, 1991; Hanski, 1998), is a 

central and often untested tenet of effective reserve networks (Roberts, 1998; Crowder et al., 

2000; Botsford et al., 2009). Effective application of the metapopulation concept is often 

limited by a lack of data on spatiotemporally explicit demographic rates within reserves and 

dispersal outside of reserves. Connectivity, the degree of exchange among subpopulations, is 

a defining characteristic of metapopulations. Inter-patch connectivity must be sufficient to (1) 

influence aggregate population dynamics without eliminating (2) temporal asynchrony in 

subpopulation dynamics (Kritzer and Sale, 2004). An extension of the metapopulation 

concept is the notion of source-sink dynamics, in which ‘source’ and ‘sink’ subpopulations 

contribute positively and negatively to metapopulation persistence, respectively (Pulliam, 

1988; Diffendorfer, 1998; Figueira and Crowder, 2006; Runge et al., 2006). In marine 

systems, where subpopulation reproduction may be decoupled from recruitment, connectivity 

is often considered  the primary driver of metapopulation and source-sink dynamics (Caley et 

al., 1996; Roberts, 1998; Hastings and Botsford, 2006). Spatiotemporal variation in 

subpopulation demographics are often ignored (but see Lipcius et al., 1997; Carson et al., 

2011), but the importance of demographics to metapopulation dynamics increases as local 

retention, the propensity for larvae to settle within their natal subpopulation, increases 

(Figueira, 2009). In this study, we integrated spatiotemporally explicit demographic rates and 
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connectivity within a metapopulation source-sink framework to assess the self-sustainability 

of a network of ten marine reserves that serve as oyster broodstock sanctuaries in Pamlico 

Sound, North Carolina, USA and to provide guidance on network design and stock 

enhancement strategies to improve network sustainability.  

We contend that the ability for a reserve network to be self-sustaining is the first, and 

most important, network function because then, and only then, will reserves deliver long-

term conservation and fishery benefits. Marine reserves are typically not self-sustaining 

because their size (median = 1.6km2; Spalding et al., 2010) relative to the vastness of larval 

dispersal (1-1000s of km; Shanks et al., 2003) is insufficient for gains via local retention to 

exceed losses (Allison et al., 1998; Botsford et al., 2001; Gaines et al., 2003; Gaines et al., 

2010). Networks of connected reserves can be self-sustaining, even if individual reserves are 

not, so long as source reserves provide a ‘rescue’ effect by subsidizing reserves with a 

recruitment deficit (Hastings and Botsford, 2006; Gaines et al., 2010). Where source reserves 

are not self-sustaining (termed a dependent source by Hixon et al., 2002; Figueira and 

Crowder, 2006; Runge et al., 2006), symmetric network connectivity may be important to 

ensure long-term network sustainability. Reserves receiving recruitment subsidies via stock 

enhancement, the hatchery-production and subsequent release of a species in the wild 

(Molony et al., 2003), may benefit from direct increases in subpopulation abundance and 

reproductive output, thereby potentially improving network self-sustainability. Network 

sustainability depends on the interplay between local demographic and regional connectivity 

processes and, therefore, is inherently a metapopulation question: does the reserve network 

allow for the rescue effect, which reserves facilitate this rescue (i.e., sources), and is the 
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effect sufficient for network sustainability?  

Reserve design questions in terrestrial systems fueled debate over whether a Single Large 

reserve or Several Small reserves of equal cumulative area (SLOSS) provided greater 

conservation benefit. Although SLOSS remains controversial, the general conclusion in 

terrestrial systems is that a single large reserve reduces extinction risk and is therefore 

preferred over a network of small reserves (Diamond, 1975; but see Simberloff and Abele, 

1982). The SLOSS framework has rarely been applied to marine reserve design and where it 

has, the optimal design depended upon the management objective(s). For instance, a single 

large reserve yielded significantly higher increases in larval production and population 

growth rate than a set of small reserves for an overexploited population of spiny lobster in the 

Bahamas (Stockhausen and Lipcius, 2001). In contrast, several small seagrass patches in 

Botany Bay, New South Wales had significantly higher species diversity of fish and 

macroinvertebrates than a single large patch (McNeill and Fairweather, 1993). Networks of 

reserves are often designed to optimize a desired mix of habitat types and species with little 

regard for network connectivity despite its importance for network sustainability (Gerber et 

al., 2003; Kaplan et al., 2006; Almany et al., 2009). Using a modified SLOSS approach in the 

design of reserve networks (i.e., there is no Single Large scenario), it seems prudent to ask 

whether network connectivity is greater in networks consisting of a Few Large or Several 

Small reserves of equal cumulative area (FLOSS).   

In this study, we integrated empirically-based subpopulation demographic rates and 

regional hydrodynamic-based connectivity estimates within a metapopulation matrix model 

(see below) to assess the self-sustainability of oysters in a reserve network. Using a network 
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of ten reserves in Pamlico Sound, North Carolina, USA as our model system, we: (1) tested 

for the defining features of a source-sink metapopulation, (2) modeled metapopulation 

dynamics of the reserve network to determine metapopulation growth rate, (3) identified 

source and sink reserves, (4) assessed the efficacy of stock enhancement to improve network 

sustainability, and (5) applied the modified FLOSS framework to determine whether 

increasing the size or number of reserves in the network promoted greater network 

connectivity. 

MATERIALS AND METHODS 

Model species 

The general biphasic life history of oysters with sessile adults and a dispersive pelagic 

larval stage is similar to that of many benthic invertebrates, making them an ideal model 

species for testing metapopulation, source-sink, and SLOSS concepts. Along the east coast of 

the USA, the native eastern oyster (Crassostrea virginica) is an ecologically and 

economically important species at historic population lows, a fate similar to many oyster 

species worldwide (Beck et al., 2011). Eastern oysters (hereafter oysters) are protandrous 

hermaphrodites, initially maturing as males, and transitioning to functional females at sizes > 

30 mm shell height (Burkenroad, 1931; Mroch et al., 2012). Oysters spawn gametes into the 

water column where eggs are fertilized and develop through two planktonic larval stages  

during the 10 to 30 d pelagic larval duration (Kennedy, 1996 and references therein). In 

Pamlico Sound (model system; see below), oyster spawning is protracted from May to 

October, with primary and secondary peaks in reproductive output in May and August, 

respectively (Eggleston et al., 2011; Mroch et al., 2012). Competent larvae seek a solid 
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surface for settlement. Newly settled oyster (spat) remain as permanently attached epibenthic 

organisms (Kennedy, 1996).   

Model system 

The Croatan-Albemarle-Pamlico-Estuarine-System (CAPES) is the largest lagoonal 

system and second largest estuarine system (after Chesapeake Bay) in the United States, 

covering an area of ~6600 km2 (Epperly and Ross, 1986; Fig. 1). The CAPES is separated 

from the Atlantic Ocean by the "Outer Banks" barrier island chain, which limits exchange 

with shelf waters to four narrow inlets (Pietrafesa et al., 1986). Inlet regions experience semi-

diurnal tides, but tidal influence quickly diminishes with distance from inlets (Pietrafesa et 

al., 1986). Pamlico Sound, the largest component of the CAPES (~ 120 km x 40 km; Fig. 1), 

is a shallow (mean depth of ~4.5 m), well-mixed water body that responds rapidly to wind 

forcing, the primary driver of circulation in the system (Pietrafesa et al., 1986; Luettich et al., 

2002). Wind forcing varies at hourly to daily intervals, but does maintain general seasonal 

patterns with predominately southwesterly (towards northeast) winds during summer (Xie 

and Eggleston, 1999; Eggleston et al., 2010) when primary and secondary peaks in oyster 

spawning occur.       

In Pamlico Sound, there are three distinct, yet inter-related, oyster restoration strategies  

of particular relevance to this study: (1) no-take reserves, (2) stock enhancement, and (3) 

cultch-planting, the deployment of a thin veneer of oyster shell to provide larval settlement 

substrate in formerly productive shellfish areas. Marine protected areas were established to 

protect oyster broodstocks that functioned as a self-sustaining network connected by larval 

dispersal (i.e., a metapopulation) while subsidizing fished areas with larvae. To date, there 
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are ten reserves protecting subtidal oyster subpopulations where oyster harvest is prohibited 

(Fig. 1). Within reserve boundaries, artificial reefs provide larval settlement substrate. 

Several properties make this system of reserves an ideal model system for testing 

metapopulation and source-sink concepts: (i) the ten reserves represent discrete oyster 

subpopulations of varying size (0.03-0.2 km2; Table 1) that are separated by distances 

ranging from 10 to 120 km, (ii) oyster demographic rates in reserves vary at relatively small 

spatial (~20km) and temporal (intra-annually) scales (Mroch et al., 2012; Puckett and 

Eggleston, 2012), and (iii) hydrodynamic-driven variation in potential larval connectivity 

resulted in some relatively closed reserves and other highly-connected reserves (Haase et al., 

2012; Puckett and Eggleston, in review). It remains unclear which reserves contribute most 

to the network and whether reserve-specific demographic rates and inter-reserve connectivity 

are sufficient to ensure a self-sustaining reserve network. Four of the 10 reserves received 

stock enhancement from 2006 to 2008 (Table 1) whereby hatchery-reared juvenile oysters 

were set on oyster shell and deployed at reserves. Enhancement has been unsuccessful at 

increasing oyster densities in reserves (Geraldi et al., in press). Whether the efficacy of stock 

enhancement can be improved by altering the location of enhancement to incorporate reserve  

source-sink structure or the timing of enhancement to incorporate oyster demographic rates 

(e.g., the timing of spawning) is unknown. Cultch-planting was conducted at 187 sites (Fig. 

1) to subsidize oyster harvest following a 2-3 year closure. We were interested in quantifying 

potential larval connectivity among reserves and cultch-planting sites to identify sites that 

promote reserve network connectivity and, thus, may be conservation priorities. 
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Subpopulation demographic rates 

To quantify growth and survival, five replicate settlement trays were deployed at six (of 

10) reserves—WB, OC, HA, CH, BP, and DB (Fig. 1)—in June 2006, August 2006, and 

May 2007 prior to primary and secondary peaks in oyster settlement. Trays were retrieved at 

bimonthly intervals from May to October 2006-2008. During the initial census, 40 

individuals on each tray (when present) were marked and measured (Table 1). During 

subsequent censuses, we followed the demographic fate of each marked individual. Marked 

individuals were assumed to have survived if present with both valves and minimal valve 

gape. If present and alive, individuals were measured to the nearest 0.1 mm. For a more 

detailed description of growth and survival methods, see Puckett and Eggleston (2012).  

To quantify size-specific oyster fecundity, we collected oysters from six (of 10) reserves 

(Fig. 1) during May and August of 2006-2008. Individual oysters from a given reserve were 

measured and separated into six size classes of 15 mm each: 0-15 mm, 15.1-30 mm, 30.1-45 

mm, 45.1-60mm, 60.1-75 mm, and 75 + mm. Ten oysters from the two smallest size classes 

and 20 oysters from the remaining size classes were randomly selected and processed 

individually to determine total egg content (i.e., per capita fecundity) by following the  

general procedures in Cox and Mann (1992). Mean per capita fecundity was calculated for 

each size class in each reserve. Males were included in calculations of mean per capita 

fecundity, thereby incorporating the sex ratio of a given size class within each reserve. For a 

more detailed description of fecundity methods, see Mroch et al. (2012).   
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Metapopulation connectivity 

To quantify local retention and inter-reserve connectivity, we used a coupled 

hydrodynamic and particle tracking model previously validated and applied in our model 

system (Luettich et al., 2002; Reyns et al., 2006; , 2007; Haase et al., 2012; Puckett and 

Eggleston, in review). Nine hundred particles (larvae hereafter) were released from evenly 

spaced grid nodes in each reserve at 24 hour intervals over a 14 day period in May and 

August of 2006-2010 to coincide with primary and secondary peaks in oyster reproductive 

output in Pamlico Sound. Larvae were assumed to be passive surface drifters and subjected 

to predicted surface currents. Previous research in this shallow, well-mixed system revealed 

that connectivity was driven primarily by location of natal reserve, date of spawning, and 

their interaction, whereas particle behavior was of secondary importance (Puckett and 

Eggleston, in review).  

Larvae were tracked hourly over a 21 d larval duration. We applied a proportional daily 

mortality rate of 0.2 d-1 based on the relationship between larval duration and predation 

developed by Jackson and Strathmann (1981) and applied to oyster larvae by Dekshenieks et 

al. (1997). At the beginning of each day, 20% of larvae released from a reserve were 

randomly removed from simulations due to mortality. Due to the stochastic implementation  

of mortality, we ran 10 iterations of particle tracking simulations (sensu Paris et al., 2007) 

using the average of the 10 iterations to estimate connectivity (see below). Larvae were 

assumed competent to settle from day 14 through day 21, after which larvae remaining in the 

water column died (sensu North et al., 2008). Settlement was assumed to occur if, when 

competent, larvae were located in reserve polygons.  
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Connectivity was quantified in a connectivity matrix during May-June and July-August 

of 2006-2010. Matrix elements represent the proportion of larvae released from a row-

referenced reserve that settled in a column-referenced reserve. Local retention, the proportion 

of larvae spawned from a reserve returning to settle within their natal reserve, was obtained 

from the diagonal elements of the connectivity matrix. Inter-reserve connectivity, the 

proportion of larvae spawned from a reserve that successfully settled in any non-natal 

reserve, was calculated by summing each row of the connectivity matrix excluding local 

retention. Metapopulation retention, the proportion of all reserve-spawned larvae retained 

within the metapopulation, was calculated as the sum of local retention and inter-reserve 

connectivity over all reserves, divided by the number of reserves.  

Metapopulation model 

We constructed a size-classified, discrete-time matrix metapopulation model of the form,  

1     (1) 

where n is the number of individuals at time t and A is a metapopulation projection matrix 

that represents demographic transitions and per capita fecundity (Caswell, 2001). Because 

size is the predominant mechanism underlying many ecological interactions (e.g., fecundity  

and natural mortality), we divided n on the basis of size where elements in vector n 

contained the abundance of oysters in one of six size classes: 0-15 mm (new recruits), 15.1-

30 mm (predominately males), 30.1-45 mm (reproductively mature females), 45.1-60mm, 

60.1-75 mm, and 75 + mm (harvestable size).  

The model time step was divided into three intra-annual seasonal periods corresponding 

to demographic sampling (see Subpopulation demographic rates above) and oyster biology. 
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The projection matrix, A, was parameterized separately for each season: Aspring—1 May to 

30 June corresponding to peak oyster fecundity, Asummer—1 July to 31 August corresponding 

to secondary peaks in oyster fecundity, and Afall/winter—1 September to 30 April 

corresponding to no fecundity. Growth and survival also differed in each seasonal projection 

matrix. Projection matrices did not vary inter-annually because demographic data collected 

from 2006 to 2008 were pooled to ensure sufficient sample sizes for estimating demographic 

parameters in A (see below; sensu McMurray et al., 2010). An eigen analysis was conducted 

on each projection matrix. The dominant eigenvalue of each projection matrix was 

interpreted as the reserve’s potential seasonal intrinsic population growth rate if all of its 

larvae were locally retained.  

Seasonal metapopulation projection matrices were parameterized separately for each 

reserve and decomposed into the sum of two matrices, Tk and Fk, where Tk describes 

transition probabilities in reserve k and Fk describes per capita fecundity in reserve k (Fig. 2). 

The diagonal elements of Tk describe the probability of individuals in reserve k and size-

class i surviving and remaining in size-class i (i.e., stasis; Pi,k) and the sub-diagonal elements  

describe the probability of surviving and growing into size-class j (Gj,k; Fig. 2). Elements 

along the first row of Fk, the only non-zero values, describe per capita fecundity of 

individuals in reserve k and size-class i (Fi,k; Fig. 2).  

Reserve-specific growth and survival transition probabilities were estimated for each 

season using transition frequency tables created from the demographic mark-recapture data 

collected at each of the empirically sampled reserves (see Subpopulation demographic rates 

above; see Appendix A for sample sizes; Caswell, 2001). Mean size class-specific per capita 



 

146 

fecundity was estimated from empirical data to parameterize Fk for each season. Size-specific 

per capita fecundity and transition probabilities of the four non-sampled reserves were 

interpolated using inverse distance weighting. We used a percent error-based, cross-

validation “leave one out” approach to test the interpolation accuracy of four distance-decay 

parameters (0.1, 1, 2, and 3) and an adaptive distance-decay parameter developed by Lu and 

Wong (2008). The adaptive distance-decay approach was most accurate (> 50% of 

predictions with percent error < 10%) and used for interpolations. Empirically-derived and 

interpolated elements of Fk were adjusted for the probability of successful metamorphosis 

(0.25; Mann and Evans, 1998) and density-dependent fertilization success based on Levitan 

(1991) as:  

%	 0.49 . 	    (2) 

where D is total oyster density per m2.  

Larvae spawned from reserve j, calculated as the product of Fj and nj(t), were distributed 

among reserves based on elements of the connectivity matrix, M, at time t, which describe  

the proportion of larvae released from reserve j that survive to settle in reserve k (mj,k; Fig. 

2). Connectivity pathways included both local retention and inter-reserve connectivity. We 

assumed settlement occurred at the mid-point of the model time step (i.e., t + 0.5) and new 

settlers in reserve j survived to time t + 1 with probability ,
∗  adjusted for half a time step 

(Caswell, 2001).  

The complete metapopulation model was expressed as: 
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where N is metapopulation size at time t, nk is a sub-vector containing the abundance of 

oysters in each size-class in reserve k at time t, Tk is a sub-matrix representing the transition 

probabilities of each size-class in reserve k at time t, Fk is a sub-matrix representing the per 

capita fecundity of each size-class in reserve k at time t, and mj,k and ,
∗  are defined as above 

(Lewis, 1997; Caswell, 2001). Population vectors at each reserve, nk, were initially seeded 

with reserve-specific empirical estimates (or interpolated for reserves not sampled) of oyster 

density and size structure from June 2006 scaled to reserve area (Table 1; see Appendix 8 for 

effects of initial population size and structure on metapopulation dynamics). Metapopulation 

dynamics were projected over a 5 year period from May 2006 to April 2011. See Appendix 9 

for a demographic model validation. 

Analyses 

Test of metapopulation and source-sink structure.—We tested the reserve network 

studied herein for the four defining features of a source-sink metapopulation (Pulliam, 1988; 

Diffendorfer, 1998; Kritzer and Sale, 2004): (1) spatiotemporal variation in reserve 

demographics, (2) asymmetrical inter-reserve connectivity, (3) sufficient inter-reserve 

connectivity to influence aggregate reserve dynamics, and (4) asynchrony in reserve 

dynamics. To test for spatiotemporal variation in reserve demographics, we used log-linear 

analysis of transition matrices, T, where the logarithm of the number of transitions from 
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stage i to fate j during time t at reserve k was modeled as a linear function of fate (response 

variable), stage, time, and reserve (sensu Caswell, 2001; Hill et al., 2002). Tests of 

asymmetrical inter-reserve connectivity were conducted by comparing mjk*Fj (i.e., 

connectivity probability x reproductive output) with mkj*Fk for all reserve pairwise 

comparisons during each model time step. Connectivity was considered asymmetric where 

mjk*Fj ≠ mkj*Fk. To test for the significance of connectivity on aggregate dynamics, we 

compared temporally averaged metapopulation size,	 , calculated from the model in 

equation (3) with  calculated from a model without inter-reserve connections (i.e., mjk = 0 

when j ≠ k). Mean metapopulation sizes with and without inter-reserve connections were 

compared with a two-tailed t-test. To test for asynchronous reserve dynamics, we compared 

reserve intrinsic growth rates 	  over the 5 year period calculated from the model in 

equation (3) including connectivity. Pearson correlation coefficients were calculated for all 

possible reserve pairwise comparisons; non-significant and significant negative correlation 

coefficients were considered to represent asynchronous reserve dynamics.  

Metapopulation and source-sink dynamics.—The metapopulation model was used to 

quantify reserve j’s contribution to the metapopulation at time t ,  based on Figueira 

and Crowder (2006) as:   

, ∑ ,
∗    (4) 

where variables are defined as above and , 	 > 1 indicates reserve j functioned as a 

source during time t and , 	 < 1 indicates reserve j functioned as a sink during time t. By 

calculating reserve source-sink status in this manner, both a reserve’s demographic and 
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dispersal potential were integrated such that reserves are credited with births to any reserve 

within the metapopulation and penalized for deaths that occur within the reserve. By this 

definition, a source is a net contributor to the metapopulation regardless of whether local 

retention is sufficient for self-sustainability (Figueira and Crowder, 2006; Runge et al., 

2006).  

We calculated the overall metapopulation growth rate (λM (t)) for each time step as:  

∑ ,              (5) 

where variables are defined above (Figueira and Crowder, 2006). Values of λM (t) ≥ 1 

indicate a self-sustaining metapopulation during time t, whereas λM (t) < 1 indicate a non-

self-sustaining metapopulation during time t. Because reproduction was not modeled during 

the Fall/Winter model time step, ,  and λM (t) were always < 1 during this period.  

Effect of stock enhancement.—To assess the potential for stock enhancement to promote  

network sustainability by (i) directly increasing the number of oysters in certain reserves and 

(ii) indirectly increasing recruitment via increased reproductive output, we integrated the 

North Carolina Division of Marine Fisheries’ oyster stock enhancement efforts in equation 

(3). Data on “when” and “where” enhancement occurred (Table 1) were used to model 

enhancement at the appropriate reserves and time steps. Data on the number of oysters 

stocked during enhancement (Table 1) were added to stage 1 of nk(t). We assumed that all 

oysters seeded during enhancement were stage 1 (0-15mm) and grew, survived, and 

reproduced at the same rates as their conspecifics of the same stage at their respective 

reserve. A t-test was used to compare mean metapopulation abundance and mean 
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metapopulation growth rate in the presence and absence of stock enhancement. We simulated 

additional stock enhancement scenarios, whereby the timing, location, or both timing and 

location of enhancement were altered (see Appendix 10).   

Reserve network design: Few Large or Several Smal (FLOSS).—We used a modified 

SLOSS framework to evaluate whether a Few Large or Several Small (FLOSS) reserves 

promoted greater retention of reserve-spawned larvae within the reserve network. The basic 

SLOSS premise remained: total reserve area was equal in both network designs. In the few 

large reserve network design, reserve boundaries were expanded over five scenarios to 

increase reserve area by 2x, 4x, 6x, 8x, and 10x. At 10x, the average reserve area was ~ 

1km2, which is near the global median size of marine protected areas (1.6km2; Spalding et 

al., 2010). We released 900 larvae from evenly spaced nodes within each concentric reserve 

expansion (i.e., 1,800 larvae released from reserves in 2x scenario) and populated 

connectivity matrices for each scenario of reserve size increase during primary and secondary 

spawning peaks over a 5 year period (see Metapopulation connectivity above).  

In the several small reserve network design, we increased the number rather than the area 

of reserves by 2x, 4x, 6x, 8x, and 10x such that the network consisted of 20, 40, 60, 80, and 

100 reserves, respectively. Reserves were added to the network from the pool of 187 cultch-

planting sites (see Model system above; Fig. 1). Cultch-planting site boundaries were 

delineated to equal the average area of the 10 existing reserves (0.08 km2) to ensure the 

cumulative reserve area was equal between the few large and several small designs for a 

given scenario. Site selection was conducted (1) at random over 1,000 iterations to simulate a 

“no-knowledge” management decision, and (2) based on a site selection algorithm that 
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maximized connectivity between the existing reserve network and newly added reserves over 

the 5 year period to simulate a “perfect knowledge” management decision. Newly added 

reserves were constrained to distances ≥ 1km from reserves already within the network. 

Again, 900 larvae were released from evenly spaced nodes within each reserve to ensure the 

total number of larvae released in the few large and several small designs was equal for a 

given scenario. Connectivity matrices were generated for each several small design scenario 

during primary and secondary spawning peaks over a 5 year period.  

A two-way ANOVA was used to test the effects of two factors: (1) network design (2 

levels: Few Large and Several Small) and (2) design scenarios (5 levels: 2x, 4x, 6x, 8x, and 

10x) on three response variables: (1) mean local larval retention, (2) mean inter-reserve larval 

connectivity, and (3) mean metapopulation larval retention. Post-hoc multiple comparisons 

between network designs within each scenario were conducted with a Bonferonni 

adjustment.  

RESULTS 

Metapopulation and source-sink structure 

The network of ten no-take oyster reserves in Pamlico Sound appears to be structured as 

a source-sink metapopulation based on four defining features (Pulliam, 1988; Diffendorfer, 

1998; Kritzer and Sale, 2004). First, demographic rates varied significantly over space, time 

and their interaction (growth and survival: ΔG2 ≥ 434.2, Δdf ≥ 72, P ≤ 0.004; fecundity: F20, 

2575 ≥ 4.9, P ≤ 0.001). Second, inter-reserve connectivity was highly asymmetric during a 

single reproductive time step (Appendix 11), over two reproductive time steps (i.e., one 

year), and over all reproductive time steps (i.e., 5 years). Third, connectivity influenced 
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aggregate reserve dynamics; mean metapopulation size was significantly different in 

simulations with and without inter-reserve connections (t = 5.3, df = 15, p < 0.0001). Lastly, 

significant connectivity did not eliminate asynchrony of reserve dynamics; correlation 

coefficients were either negative or non-significant in 40 of the 45 possible pairwise 

comparisons (r ≤ 0.46).  

Demographics 

 A total of 2,706 oysters were tracked from June 2006 to October 2008 to estimate 

demographic transitions (see Appendix 7 for sample sizes and Appendix 12 for range of 

values) and an additional 2,596 oysters were processed for fecundity analysis (Mroch et al., 

2012). Growth, survival, and per-capita fecundity (adjusted for larval mortality) were  

sufficient at all reserves during May-June and July-August to generate a potential intrinsic 

population growth rate well above the replacement threshold (λ = 1) if all reserve-spawned 

larvae were locally retained (Fig. 3 a, b). Potential growth rates during May-June were 

approximately two times greater than in July-August because per capita fecundity was an 

order of magnitude higher in May-June (primary spawning) than July-August (secondary 

spawning) (Fig. 3 d, e; Mroch et al., 2012). Reproduction did not occur during September-

April, so potential λ was < 1 at all reserves (Fig. 3 c).  

Connectivity 

The dispersal of 1.26 million larvae were tracked over the 5 year simulation to estimate 

connectivity. Patterns of metapopulation connectivity were highly variable in space and time, 

but generally followed two patterns: (1) inter-reserve connections were asymmetrical and 

primarily directed from southwest to northeast in the direction of prevailing southwesterly 
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winds, and (2) the prevalence and magnitude of local retention and inter-reserve connections 

were limited (Fig. 4; Appendix 11;  Puckett and Eggleston, in review). Larvae were locally 

retained at every reserve except MB over the five year simulation, but local retention did not 

occur at any reserve more than 3 (of 10) model time steps in which reproduction occurred. 

Inter-reserve connections were rarer. Only 20 of the possible 90 (22%) inter-reserve 

connections were present over the five year simulation, although every reserve except DB 

served as the origin or terminus of inter-reserve connections. The mean magnitude of local 

retention and inter-reserve connectivity was 0.05±0.02% and 0.07±0.01% of larvae, 

respectively resulting in an average of only 0.12±0.04% of reserve-spawned larvae being 

retained within the metapopulation.  

Metapopulation and source-sink dynamics 

Metapopulation abundance was projected to decline by an order of magnitude from 

approximately 10 x 107 to 8 x 106 oysters over the 5 year simulation (Fig. 5a). Declines of 

oyster abundance in reserve subpopulations exceeded 75%. Over the simulation, λM ranged 

from 0.76 to 1.09, but was 0.85±0.02 on average, suggesting that the reserve network was not 

self-sustaining (Fig. 5b). Positive metapopulation growth (λM = 1.09) only occurred during 

May-June 2007 (Fig. 5b). During this time step, WB, OC, and HA were strong sources (λc 

1.2-1.5; Fig. 6b) providing a rescue effect by reversing the decline of subpopulations at OC 

and CH reserves (Fig. 4b), which comprised nearly 40% of metapopulation abundance. The 

‘rescue effect’ was temporary because reserve source-sink structure was highly dynamic 

(Fig. 6). Coefficients of variation in mean reserve λc ranged from 2-34%. Only five of the ten 

reserves functioned as sources over the 5 year simulation, and only two of those five reserves 
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functioned as sources for more than one model time step (Fig. 6). Sources were only present 

during primary spawning in May-June when per capita fecundity, combined with limited 

connectivity, was sufficient to exceed local mortality. Over the 5 year simulation, only WB 

was responsible for more births in the metapopulation than deaths (mean λc = 1.02, CV = 

0.33). Reserves in the northern-half of Pamlico Sound (BP, GS, CH, CS), which received the 

greatest number of reserve-spawned immigrants while providing very few inter-reserve 

emigrants, were consistently the greatest sinks (mean λc ≤ 0.80, CV ≤ 0.14; Fig. 6).  

Stock enhancement 

The ~ 11.7 million oysters added via stock enhancement (Table 1) increased 

metapopulation reproductive output by 1.3 x 109 larvae over the five year simulation. Stock 

enhancement significantly increased metapopulation abundance (t = 4.8, df = 14, P = 0.0003) 

by ~ 2 million oysters (~25%) at the end of model simulations, but did not significantly 

increase λM (t = 1.0, df = 14, P = 0.3; Fig. 5). With enhancement, mean λM (0.86±0.02) 

remained below the threshold for network sustainability (Fig. 5b). Altering the timing and 

location of stock enhancement altered the efficacy of stock enhancement, but enhancement 

remained insufficient for network sustainability (Appendix 10).    

Few large or several small reserves? 

Increasing the area of reserves within the network (i.e., Few Large design) by ≥ 6x to 8x 

significantly increased reserve local retention, inter-reserve connectivity, and metapopulation 

retention (t ≥ 2.7, p ≤ 0.009; Fig. 7; Fig. 8a-c). Inter-reserve connectivity remained 

asymmetrical from southwest to northeast in the Few Large design (Appendix 13a, c, e). 

Increasing the number of reserves in the network (i.e., Several Small design) had a negative, 
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but non-significant, effect on reserve local retention (t ≤ 0.5, p ≥ 0.6; Fig. 8a, 9). The effect 

of increasing reserve number on inter-reserve connectivity and metapopulation retention was 

positive, but non-monotonic (t ≥ 2.8, p ≤ 0.006; Fig. 8b-c; Fig. 9). Additionally, the Several 

Small network design increased symmetry of inter-reserve connectivity with connections 

directed from southwest to northeast and vice versa (Appendix 13b, d, f).     

Local retention, inter-reserve connectivity, and metapopulation retention varied  

significantly by network design, but the significant design by scenario interaction precluded 

contrasts across the main effect (Table 2). The few large network design generally promoted 

greater reserve local retention than did the several small design, but the effect was only 

significant as the area or number of reserves was increased by ≥ 6x (t ≥ 2.9, p ≤ 0.005; Fig. 

8a). The several small design generally promoted greater inter-reserve connectivity and 

metapopulation retention than did the few large design, but as the number or area of reserves 

increased by ≥ 6x, the effect was not significant (t ≤ 2.3, p ≥ 0.03; Fig. 8b, c). The optimal 

20- and 40-reserve networks that maximized metapopulation retention often consisted of 

clustered reserves with a mean spacing between reserves of 15.4±3.2 km and 10.4±1.8 km, 

respectively (base 10-reserve network = 26.5±4.2 km; Fig. 10). Knowledge of connectivity 

during site selection was important; randomly adding sites to the network (i.e., “no 

knowledge”) reduced metapopulation retention relative to the few large design as the area or 

number of reserves was increased by ≥ 6x (t ≥ 2.5, p ≤ 0.01; Table 2; Fig. 8d).  

DISCUSSION 

The application of a source-sink metapopulation framework to assess the sustainability of 

a reserve network is a novel aspect of this research that highlights the importance of 
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population connectivity and subpopulation demography on the efficacy of marine reserves. 

Three defining features supported application of the metapopulation concept to the network 

of oyster reserves in this study: (1) the presence of subpopulations inhabiting discrete patches 

(i.e., reserves) with (2) sufficient inter-reserve larval connectivity to influence aggregate  

reserve population dynamics (3) without eliminating asynchrony in reserve dynamics 

(Kritzer and Sale, 2004). Metapopulation dynamics operate across a continuum of 

spatiotemporal scales ranging from micrometers and minutes for bacterial metapopulations 

(Keymer et al., 2006) to 1000’s of kilometers and 5-10 years for large mammals (Elmhagen 

and Angerbjorn, 2001; van Aarde and Jackson, 2007) and deep sea invertebrates 

(Vrijenhoek, 2010). In this context, we observed metapopulation dynamics within an 

estuarine reserve network at a spatial scale of ~ 150 x 50 km (length-width axis of Pamlico 

Sound) and at monthly to annual temporal scales.  

In this study, spatiotemporal variation in reserve demographics and asymmetric inter-

reserve connectivity created source-sink structure within the oyster metapopulation (Pulliam, 

1988; Figueira and Crowder, 2006; Runge et al., 2006). Source reserves (λc > 1) provided a 

metapopulation ‘rescue effect’ whereby larval subsides from sources increased the 

population size of the subsidized reserve(s), but the effect was short-lived and insufficient to 

promote network sustainability. Oyster metapopulation abundance was projected to decline 

an order of magnitude over a 5 year period. Stock enhancement, through modifications in 

reserve abundance and reproductive output, was unable to augment the metapopulation 

decline. The inability of this  reserve network to protect self-sustaining oyster 

subpopulations, an important feature of reserve networks (Gaines et al., 2010), was due 
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primarily to limited local retention and inter-reserve connectivity.  

Increasing the size of reserves in the network (i.e., Few Large design) tended to promote 

greater local retention of oyster larvae, whereas increasing the number of reserves in the  

network (i.e., Several Small design) tended to promote greater and more symmetrical inter-

reserve larval connectivity. Of the two designs, several small reserves tended to promote 

greater metapopulation retention of reserve-spawned larvae, particularly at small increases in 

reserve number. As the number or size of reserves in the network continued to expand, larval 

connectivity was equivalent between both designs, suggesting that Few Large and Several 

Small reserves (FLASS) may be the optimal long-term network design. The recent re-zoning 

of the Great Barrier Reef to include 150 no-take reserves ranging in size from 1 km2 to 500 

km2 is an example of a network of reserves of variable size (Almany et al., 2009; Jones et al., 

2009). 

Caveats regarding model assumptions 

We made several assumptions to simplify the metapopulation model applied in this study. 

First, oyster demographic rates were implicitly density-dependent (see Puckett and 

Eggleston, 2012), but lacked a compensatory density-dependent response as densities were 

projected to decrease by >35% to levels below those used in estimating demographics. The 

demographic portion of the metapopulation model accurately projected reserve size structure 

and abundance at observed oyster densities (Appendix 9), but as densities were projected to 

decline, a compensatory response or weakening of density dependence would have reduced, 

but likely not reversed, the rate of metapopulation decline.     

Second, larval dispersal was modeled as a passive drift driven solely by surface currents 



 

158 

despite evidence that oyster larvae migrate vertically and are generally distributed in the 

water column according to their ontogenetic stage (Carriker, 1951; Dekshenieks et al., 1996).  

In stratified or partially stratified systems, such as Chesapeake Bay, larvae may respond 

behaviorally to features such as haloclines, which can influence larval dispersal (North et al., 

2008; Narvaez et al., 2012a). In well-mixed systems lacking a significant halocline such as 

Pamlico Sound, it is unclear what water column features oyster larvae might respond to (if 

any) to regulate their depth, other than a general ontogenetic shift towards deeper depths as 

sinking speeds exceed swimming speeds (Dekshenieks et al., 1996). Moreover, dispersal and 

connectivity metrics measured in our study system were more sensitive to natal location and 

the date of spawning than to larval behavior (Puckett and Eggleston, in review). Including 

larval behavior may have reduced dispersal distances and increased local retention (North et 

al., 2008; Puckett and Eggleston, in review), which may have influenced our assessment of 

the optimal network design.        

Third, oyster subpopulations within reserves were the only subpopulations included in the 

metapopulation model despite the presence of non-reserve oyster subpopulations (e.g., 

cultch-planting sites and natural reefs that are fished) in Pamlico Sound. Discrepancies 

between observed >85% increases in oyster density at the six empirically sampled reserves 

over a 3 year time period (Puckett and Eggleston, 2012) and model projected >35% declines 

in oyster density at the same reserves over the same time period suggests that reserve 

subpopulations received significant larval subsidies from non-reserve subpopulations (see 

below for discussion on observed vs. predicted dynamics). The reserve-centric focus of this 

study was justified by our interest in determining whether the reserve network was self-
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sustaining (Gaines et al., 2010). We are currently expanding the metapopulation modeling 

framework applied in this study by integrating spatial dynamics of fished oyster 

subpopulations.   

Metapopulation and source-sink dynamics 

The interplay of subpopulation demographics and connectivity drive the dynamics of 

metapopulations, however their relative contributions to these dynamics are often unequal 

(Bode et al., 2006; Figueira, 2009; Carson et al., 2011). Our results support the theory 

suggesting that connectivity is the major driver of metapopulation and source-sink dynamics 

in metapopulations with limited local retention and inter-reserve connectivity. Figueira  

(2009) documented a precipitous decline in the importance of demographic rates on 

metapopulation dynamics at low to intermediate levels of local retention (<20%) and limited 

levels of subpopulation connectivity (<1%). In our model system, mean local retention and 

inter-reserve connectivity of reserve-spawned larvae were < 0.1% due to the small footprint 

of the reserve network, which covered only c. 0.02% of Pamlico Sound and only 0.5% of all 

oyster reefs in Pamlico Sound. Consequently, spatiotemporal variation in reserve 

reproductive output, the product of per capita fecundity, density, and size structure, had 

minimal influence on the number of larvae locally retained or exchanged via inter-reserve 

connections (Puckett and Eggleston, in review). Moreover, reserves with the greatest 

demographic potential (i.e., combination of growth, survival, and fecundity; Fig. 3), such as 

CH and CS, always functioned as sinks. In contrast, reserves with relatively low 

demographic potential such as OC and HA functioned as sources because their location in the 

southern portion of Pamlico Sound promoted connectivity with reserves located to the north  
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during predominately southwesterly wind-driven dispersal. A consequence of connectivity 

driving metapopulation dynamics is that source-sink structure can be remarkably dynamic as 

forcing mechanisms such as wind-driven currents alter connectivity patterns. The ability to 

distinguish between a stable source and a subpopulation that fluctuates between source and 

sink may be useful for management purposes (Runge et al., 2006) when, for instance, making 

decisions on when and where to conduct stock enhancement. In our system, only a single 

reserve (WB) functioned as a consistent source.  

In systems where connectivity largely determines metapopulation and source-sink 

dynamics, demographic rates can modify connectivity-induced dynamics. For instance, 

density-dependent reductions in growth and fecundity of a reef fish metapopulation in the 

Great Barrier Reef reduced connectivity-driven discrepancies between source and sink 

subpopulations (Bode et al., 2006). In our model system, demographic rates played a similar 

modifying role. Seasonal discrepancies in per capita fecundity modified reserve source-sink 

structure. Source reserves were present in May-June and absent in July-August. The 

magnitudes of local retention and inter-reserve connectivity were similar during both time 

periods, but per-capita fecundity was too low in July-August, when coupled with limited 

connectivity, to generate more births than deaths, and thus, source reserves. We predict that 

as inter-reserve connectivity and/or local retention increase as the result of increases in the 

number or size of reserves, the relative importance of demographic rates to metapopulation 

dynamics will increase (Figueira, 2009). 

In this study, local larval retention and inter-reserve connectivity were insufficient to 

form a self-sustaining reserve network. Projected oyster metapopulation declines were rapid 
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over a relatively short (5 year) timeframe, yet empirical observations indicate that oyster 

densities in many of the reserves have increased from an average of ~40±27 oysters m-2 in 

2002 (Powers et al., 2009) to ~1,900±127 oysters m-2  in 2008 (Puckett and Eggleston, 2012), 

an ~ 50-fold increase. Conversely, since 2008 we have observed declines in oyster density at 

two reserves (HA and OC), but not the metapopulation-wide decline projected in model 

simulations (Eggleston and Puckett, unpubl. data). Discrepancies between projected and 

observed oyster dynamics at the reserves is likely due to larval ‘spill-in’ (Eggleston and 

Parsons, 2008) to reserves from cultch-planting sites and natural oyster reefs (i.e., fished 

sites), which was not modeled in this study. Support for larval spill-in to reserves, as well as, 

the exchange of larvae from reserves to cultch-planting sites (i.e., larval ‘spill-over’) was 

provided in our network design simulations (see below), which used the pool of cultch-

planting sites as potential sites to add to the reserve network. The dependence of reserve 

subpopulations on recruitment subsidies from fished sites is troublesome given the continued 

degradation of oysters in NC and across the globe (Beck et al., 2011). In contrast, the spill-

over of larvae to fished areas is an important function of reserves with the potential to 

enhance fisheries if an increase in larvae leads to an increase in the number of settlers, and if 

larval settlement is the limiting factor for the fishery (as opposed to habitat availability) 

(Chiappone and Sullivan Sealy, 2000). The potential economic benefits of larval spill-over 

from reserves is an important reserve network design consideration, but we contend that a 

more precautionary approach to designing a reserve network should initially be adopted with 

the goal of a self-sustaining network. A self-sustaining network and fisheries enhancement 

are not mutually exclusive management objectives for marine reserves, but the former is 
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necessary to derive long-term benefits from the latter. In our study system, the best strategy 

to accomplish a self-sustaining network is to improve larval connectivity by increasing the 

number and size of reserves.  

Few large or several small reserves? 

We evaluated whether few large or several small marine reserves promoted greater 

metapopulation retention of reserve-spawned larvae, which is the sum of inter-reserve 

connectivity and local retention. In this context, our simulations suggested that marine 

reserve networks configured as several small reserves performed better, on average, than a 

few large reserves. Increasing the number of reserves in a ‘Several Small’ network tended to 

promote rapid increases in inter-reserve connectivity, but had relatively little effect on local 

retention. Moreover, as the number of several small reserves increased so did symmetry 

among inter-reserve connections. Inter-reserve connectivity, particularly symmetrical 

connectivity, is a desirable feature of marine reserve networks due to its importance to 

population persistence and ability to rescue declining reserve populations (Hastings and 

Botsford, 2006; Almany et al., 2009). In hydrodynamically advective-environments such as 

Pamlico Sound, two characteristics of a several small network design (relative to a few large 

design) likely promoted increased inter-reserve connectivity. First, increasing the number of 

reserves in the network increased the perimeter:area ratio of the reserve network. As the 

perimeter:area ratio increases, so should the probability of intercepting dispersing larvae,  

although knowledge of dispersal and connectivity patterns was needed to take advantage of 

this network property. Adding several small reserves at random was not a viable solution. 

Second, increasing the number of reserves in the network decreased the spacing between 
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reserves. As the spacing between reserves approaches the minimum dispersal distance of the 

target species, inter-reserve connectivity should increase (Shanks et al., 2003). Indeed, the 

mean spacing between reserves in the optimal 40-reserve network (10.6 km) was similar to 

the minimum mean dispersal distance of oysters in Pamlico Sound (10 km; Puckett and 

Eggleston, in review).  

The tradeoffs in a several small network design strategy are the degree to which larvae 

were locally retained and the increased difficulty for managers to patrol and enforce the no-

take restrictions of additional reserves. On a per area basis, enforcing fishing restrictions is 

likely to be both cheaper and easier in fewer large reserves as opposed to more small 

reserves. Networks of a few large reserves also tended to promote greater local retention than 

several small reserves. Increased local retention within subpopulations can increase the 

overall metapopulation growth rate compared to scenarios of higher connectivity among 

subpopulations (Carson et al., 2011). Still, as reserve areas were increased by 10x (mean 0.8 

km2) in a few large network design, only a small fraction of larvae (mean 0.3%) were locally 

retained. Reserve design theory suggests that reserve diameters one to two times larger than 

the mean dispersal distance are required for a sustainable level of local retention (Lockwood 

et al., 2002). Mean oyster dispersal distances in Pamlico Sound range from c. 10-45 km 

depending on location of natal reserve (Puckett and Eggleston, in review), which would  

require reserves with diameters 10-90 km. Reserves approaching theses sizes may not be 

feasible when habitat restoration (i.e., construction of artificial reefs) accompanies reserve 

designation. In such situations, forgoing substantial local retention in favor of increased inter-

reserve connectivity seems a justifiable rationale for a several small network design. 
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Our results suggest that the best strategy for promoting both inter-reserve connectivity 

and local retention may be a hybrid FLASS—few large and several small—design. Support 

for a hybrid design in this study originates from observed ‘diminishing returns’ on 

metapopulation retention as the number of reserves in the several small network design 

continued to increase (Fig. 8c). As the number of reserves in the 80- and 100-reserve 

networks began to approach the upper limit of potential reserve sites (187), suboptimal sites 

with limited connectivity to and from existing reserves were added to the network. At this 

point, the several small and few large network designs were equivalent in their ability to 

retain reserve-spawned larvae within the metapopulation. Designing reserve networks with 

variable reserve sizes is not a new concept. For example, Palumbi (2004) suggested that 

reserves with diameters ranging from 1-100km are necessary to protect multiple taxa with 

variable dispersal distances. Reserve networks designed for a single species may also benefit 

from variable reserve sizes since species can have considerable variability in dispersal 

distances depending on natal location (Edwards et al., 2007; Huret et al., 2010; Puckett and 

Eggleston, in review).  

The results from our study suggest that marine reserve networks designed to promote 

larval connectivity should initially focus on increasing the number of reserves (i.e., several  

small). Initial increases in the number of reserves in the network provides the biggest 

connectivity gain per reserve footprint area, but extensive knowledge of dispersal and 

connectivity patterns for the system and species of interest are required. As the number of 

reserves in the network approaches ~ ¼ of the potential sites, the network design strategy 

should focus on increasing the size of certain reserves. This step of the design process is less 



 

165 

certain, but we would speculate that knowledge of reserve source-sink dynamics would play 

an important role in determining which of the reserves in the network should be expanded in 

a FLASS design.    

Stock enhancement 

Stock enhancement provides two direct benefits—increased abundance and reproductive 

output—that can increase the metapopulation abundance of a species (Wootton and Bell, 

1992; Lipcius et al., 2008). These direct benefits were apparent in our simulations where the 

addition of millions of oysters that produced billions of larvae increased mean 

metapopulation abundance. The effect of stock enhancement on metapopulation abundance 

was greatest when enhancement was conducted during May at source reserves (Appendix 

11). The timing of enhancement during May likely optimizes the combination of oyster 

growth, survival, and fecundity by enabling oysters 0-15 mm to grow to relatively fecund 

sizes (50-70 mm) by the following May when seasonal per capita fecundity peaks. Stock 

enhancement did not contribute to the inherent sustainability of the reserve network even 

when conducted at source reserves during May. The increased reproductive output as a result 

of enhancement was not subsequently retained within the metapopulation due to limited  

connectivity. Recent empirical tests of the efficacy of oyster enhancement in several of the 

same reserves examined in this study similarly concluded that stock enhancement was 

unsuccessful at increasing oyster density (Geraldi et al., in press). Wooton and Bell (1992) 

observed a similar pattern with stock enhancement of Peregrine Falcon whereby 

enhancement was successful at increasing population size, but did not contribute to 

population viability. Stock enhancement may not be a viable approach to improve network 
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sustainability given the current configuration of the reserve network, but it may be an 

effective strategy in concert with a FLASS network design, which should increase the 

importance of demography (e.g., reproductive output) on metapopulation dynamics of the 

reserve network (Figueira 2009).  

Conclusions 

This study provided support for applying a metapopulation source-sink conceptual 

approach to investigate whether an estuarine network of no-take oyster reserves was self-

sustaining and, if not, a connectivity-based framework for designing a network to enhance 

self-sustainability. Integration of demographic rates and connectivity within a 

metapopulation framework provided a single parameter used to quantify reserve source-sink 

status (λc) and metapopulation growth rate (λM), thereby simplifying management decisions 

that can be contradictory if based on demographics or connectivity alone (Haase et al., 2012; 

Mroch et al., 2012; Puckett and Eggleston, 2012). From a marine reserve perspective, our 

work indicates marine reserves can be an effective management tool for improving 

demographic rates and size-structure, but designation of multiple reserves does not guarantee  

a self-sustaining reserve network. Larval connectivity is an important consideration in the 

design of reserve networks, and networks consisting of reserves of variable sizes may 

promote the greatest network connectivity.  
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Table 1. Summary information on reserve area, number of oysters marked for demographic analyses, number of oysters seeded via 

stock enhancement, and initial population size and size structure for model simulations. Initial population size and size structure 

were based on empirical estimates (or interpolated at MB, TB, CS, and GS) of oyster density and size structure from June 2006 

scaled to reserve area. Reserve abbreviations: West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), 

Deep Bay (DB), Middle Bay (MB), Turnagain Bay (TB), Croatan Sound (CS), and Gibbs Shoal (GS). Size classes: 1 = 0-15 mm , 

2 = 15.1-30 mm, 3 = 30.1-45 mm, 4 = 45.1-60 mm, 5 = 60.1-75 mm, 6 = 75+ mm.

 
Reserve 

Area (km2) Number marked Stock enhancement Initial population size 
(% of metapopulation) 

Initial size structure (% in size class) 
1 2 3 4 5 6 

WB 0.03 513 0 3,583,233 (4%) 5 30 26 19 12 8 
OC 0.12 520 a 1,675,000 16,907,958 (17%) 0 15 36 28 15 6 
HA 0.19 337 0 32,669,551 (34%) 8 22 34 23 7 6 
CH 0.13 537 0 23,757,518 (24%) 13 52 21 10 3 1 
BP 0.08 400 b 1,210,000 1,494,865 (2%) 1 5 41 45 8 0 
DB 0.07 379 0 1,399,915 (1%) 0 2 12 22 46 18 
MB 0.02 n/a b 3,430,000 544,923 (1%) 23 3 9 15 34 16 
TB 0.02 n/a c 5,252,790 2,859,081 (3%) 6 27 27 21 14 5 
CS 0.03 n/a 0 5,817,243 (6%) 12 52 22 10 3 1 
GS 0.12 n/a 0 8,074,711 (8%) 6 15 30 25 16 8 
Total 0.81 2,686 11,567,790 97,109,000  9 37 27 17 7 3 
a 76% of enhancement occurred in July 2007, 24% in September 2007 
b 100% of enhancement occurred in July 2008 
c 25% of enhancement occurred in July 2006, 10% in July 2007, 10% in September 2007, 26% in May 2008, and 29% in July 2008 

Note: area of cultch-planting sites equal to average size of reserves (0.08 km2) 
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Table 2. Analysis of variance results of the effects of reserve network design (Few Large and Several Small) and design scenario 

(2x, 4x, 6x, 8x, and 10x) on mean proportion of larvae locally retained within reserves, transferred via inter-reserve connections, 

and retained within the metapopulation. 

Response Source of variation df SS MS F P 
Local retention Design 1 0.6 0.6 25.6 <0.0001 
 Scenario 5 0.1 0.03 1.2 0.3 
 Design x Scenario 5 0.3 0.06 2.4 0.04 
Inter-reserve connectivity Design 1 4.9 4.9 42.4 <0.0001 
 Scenario 5 4.7 0.9 8.2 <0.0001 
 Design x Scenario 5 1.8 0.4 3.1 0.01 
Metapopulation retention Design 2* 9.1 4.6 23.4 <0.0001 
 Scenario 5 4.3 0.9 4.4 0.0009 
 Design x Scenario 10 6.6 0.7 3.4 0.0005 

* added a second Several Small design based on random addition of reserves to the network.
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Figure 1. Map of the Croatan-Albemarle-Pamlico-Estuarine System (CAPES) in North 

Carolina, USA with location of oyster reserves (closed squares) and cultch-planting sites (+) 

in Pamlico Sound. Labeled reserves: West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab 

Hole (CH), Bluff Point (BP), and Deep Bay (DB), Middle Bay (MB), Turnagain Bay (TB), 

Croatan Sound (CS), and Gibbs Shoal (GS). Asterisk indicates location of wind observations 

at Cape Hatteras Meteorological Station used to drive the hydrodynamic model. Croatan 

Sound (not labeled) is located between Albemarle and Pamlico Sounds. Reserves and cultch-

planting sites not to scale.  
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Figure 2. A life cycle graph depicting the spatially-explicit, stage-based matrix 

metapopulation model used in this study. For simplicity, only 2 reserves (separated by dotted 

line) and three size classes (nodes) are shown. The model used in this study consisted of 10 

reserves and six size classes. Model parameters are as follows: Pi is the probability of 

surviving and remaining in size-class i, Gj is the probability of surviving and growing into 

size class j, Fi is the per capita fecundity of size class i, and mjk is the proportion of larvae 

spawned in reserve j that settle in reserve k.  
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Figure 3. Potential intrinsic population growth rate of oysters in 10 no-take reserves during a) 

May-June, b) July-August, and c) September-April assuming that all reserve-spawned larvae 

were locally retained. Calculations of potential growth rates were based on an eigen analysis 

of reserve-specific projection matrices that describe the rates of survival, growth, per-capita 

fecundity (adjusted for 99% larval mortality over 21 day larval duration) at each reserve. 

Size-specific per-capita fecundity (not adjusted for larval mortality) is depicted in d) May-

June and e) July-August. Reproduction was assumed to not occur during September-April. 

Dotted horizontal line in panels a-c indicated threshold for population growth (λ = 1). Note 

the difference in scale of the y- (panels a-c) and z-axes (panels d-e). Reserve abbreviations: 

West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), and 

Deep Bay (DB), Middle Bay (MB), Turnagain Bay (TB), Croatan Sound (CS), and Gibbs 

Shoal (GS).  
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Figure 4. Connectivity probability plots during May-June a) 2006, b) 2007, and c) 2008. The magnitude of local retention and 

inter-reserve connectivity is depicted by the color of the circles and arrows, respectively. Reserve abbreviations: West Bay (WB), 

Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), and Deep Bay (DB), Middle Bay (MB), Turnagain Bay (TB), 

Croatan Sound (CS), and Gibbs Shoal (GS).  
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Figure 5. Model projections of a) metapopulation size and b) metapopulation growth rate of 

oysters in 10 no-take reserves over a 5 year time period in scenarios with and without stock 

enhancement. Asterisks denote timing of stock enhancement (see Table 1). The dashed 

horizontal line in panel b is the threshold growth rate for a self-sustaining metapopulation.  
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Figure 6. Reserve contribution (λc) to the metapopulation during May-June a) 2006, b) 2007, and c) 2008. Source reserves have λc 

>1 and sink reserves have λc < 1.  Size and color of circles is proportional to λc. See Fig. 4 for corresponding connectivity plots. 
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Figure 7. Connectivity probability plots in a Few Large reserve network design whereby reserve areas were increased by a) 2x, b) 

6x, and c) 10x. The magnitude of local retention and inter-reserve connectivity is depicted by the color of the circles and arrows, 

respectively. Connectivity shown is for May-June 2006 time period. See Fig. 4a for connectivity plot of the original 10-reserve 

network during the same time period.  
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Figure 8. Mean proportion of reserve-spawned larvae locally retained within reserves (a), 

transferred via inter-reserve connections (b), and retained within the metapopulation (c, d) for 

reserve network designs of Few Large reserves (FL) vs. Several Small reserves. Reserves 

were added to the network in the Several Small design based on knowledge of connectivity 

(SS-optimal, a-c) and at random (SS-random, d). Each reserve network design was simulated 

over the base scenario (first point in plots) and five additional scenarios whereby the area or 

number of reserves was increased by 2x, 4x, 6x, 8x, and 10x (2nd-6th points on plots). 

Significant differences between designs within a scenario are denoted by *. Secondary x-axes 

only applicable to SS designs. 
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Figure 9. Connectivity probability plots in a Several Small reserve network design whereby the number of reserves was increased 

by a) 2x, b) 6x, and c) 10x. The magnitude of local retention and inter-reserve connectivity is depicted by the color of the circles 

and arrows, respectively. Connectivity shown is for May-June 2006 time period. See Fig. 4a for connectivity plot of the original 

10-reserve network during the same time period.  
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Figure 10. The optimal Several Small reserve network consisting of a) 20 and b) 40 reserves. 

Location of 10 existing no-take reserves and reserves added to the network are depicted by 

closed and open squares, respectively.   
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APPENDIX 7 

Sample sizes used to estimate transition probabilities for six oyster size classes at six no-take 

reserves during a) May-June (spring), b) July-August (summer), and c) September-April 

(fall/winter). Reserve abbreviations: West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab 

Hole (CH), Bluff Point (BP), Deep Bay (DB).  

a) 

Size class (mm)/Reserve WB OC HA CH BP DB 
0-15 23 22 18 27 25 11 
15.1-30 38 40 44 68 39 28 
30.1-45 26 35 54 143 44 18 
45.1-60 47 136 58 181 52 52 
60.1-75 104 77 80 108 85 79 
75+ 67 62 84 8 82 76 
Total 305 372 338 535 327 264 

 

b) 

Size class (mm)/Reserve WB OC HA CH BP DB 
0-15 129 147 92 122 35 93 
15.1-30 143 200 78 263 225 195 
30.1-45 24 27 17 53 35 21 
45.1-60 39 70 47 189 67 28 
60.1-75 72 130 61 127 134 89 
75+ 75 98 90 12 118 83 
Total 482 672 385 766 614 509 

 

c) 

Size class (mm)/Reserve WB OC HA CH BP DB 
0-15 67 22 89 80 51 18 
15.1-30 59 88 63 124 18 10 
30.1-45 102 169 55 214 114 76 
45.1-60 37 67 60 147 90 89 
60.1-75 44 50 38 58 62 50 
75+ 7 68 37 2 11 12 
Total 316 464 342 625 346 255 
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APPENDIX 8 

Effects of initial population size and size structure on metapopulation dynamics. 

Methods 

To test the effect of the initial population vector on subsequent metapopulation dynamics, we 

modeled three scenarios: (1) population vectors, nk, were seeded with reserve-specific 

empirical (or interpolated) oyster density and size structure data during June 2006 (see 

Metapopulation model above; Table 1); (2) initial population size at each reserve was equal 

to average population size estimated in June 2006 (from 1) and allocated equally among 6 

size classes; and (3) initial population size at each reserve was equal to average population 

size estimated in June 2006 (from 1) and allocated solely to new recruits (i.e., stage 1) 

simulating new colonization of reserves. The initial metapopulation size was equal among all 

3 scenarios, but changes in size structure altered metapopulation biomass in each scenario. A 

one-way ANOVA was used to compare mean metapopulation size among the three initial 

population scenarios.  

Results 

Initial population size and size structure significantly affected mean metapopulation size 

(F2,42  = 15.1, P < 0.0001), but not mean λM (F2,42 = 2.6, P = 0.09; Fig 8.1). Mean λM in 

simulations initiated with equal reserve population size and equal size structure (0.92±0.04) 

or only new recruits (0.82±0.02) resulted in declining metapopulation size supporting the 

general conclusion that the metapopulation was not self-sustaining (Fig 8.1).   
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Figure 8.1. Model projections of a) metapopulation size and b) metapopulation growth rate of 

oysters in 10 no-take reserves over a 5 year time period in 3 scenarios where the initial 

population size and size structure were: (1) based on empirical observations (and 

interpolations for non-sampled reserves), (2) equal among reserves and allocated equally 

among size classes (equal size structure), and (3) equal among reserves and allocated only to 

the first size class (all recruits). The horizontal dashed line in panel b is the threshold growth 

rate for a self-sustaining metapopulation.  
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APPENDIX 9 

Demographic model validation. 

Methods 

To validate modeled demographic transitions, Tk, we compared projected population vectors, 

nk(t+1), with observed population vectors at the six empirically sampled reserves (see 

Subpopulation demographic rates above) in the absence of reproduction (i.e., Fk and mjk = 

0). Model validation in the absence of reproduction was necessary because some of the 

observed recruitment at empirically sampled reserves may have originated from non-reserve 

oyster reefs, and therefore, would not be reflected in model projections. Rather than 

modeling reproduction, we added a recruitment vector based on observed recruitment of 0-15 

and 15-30 mm size classes (i.e., new recruits) at each time step to a reserve’s population 

vector (sensu McMurray et al., 2010). Population vectors were seeded with observed size 

structure and density data scaled to reserve area during June 2006 and projected until August 

2008 when quadrat sampling (i.e., field observations) ceased. At each time step, projected 

and observed size class distributions at a given reserve were compared using a two-sample 

Kolmogorov-Smirnov test. Correlation was used to compare projected and observed reserve 

population size ∑ 1 .  

Results 

Projected and observed oyster size class distributions were statistically similar among 

reserves (p ≥ 0.3), and projected and observed oyster population sizes in reserves were 

significantly correlated (p < 0.0001, R2 = 0.84). Similarities between model projections and 

field observations validated the demographic transitions used in the metapopulation model 

described in Metapopulation model above. 
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APPENDIX 10 

Effect of stock enhancement on metapopulation dynamics. 

Methods 

To test the effect of various stock enhancement strategies on subsequent metapopulation 

dynamics, we modeled four scenarios. The first scenario was empirically-based on NC 

DMF’s actual stock enhancement efforts (see Effect of stock enhancement above; Table 1). 

The results of the first stock enhancement scenario are reported in the Results: Stock 

Enhancement section in the text. The second scenario altered the timing of enhancement—

May, July, or September—within a year, but not the magnitude (i.e., number of oysters) or 

location. The third scenario altered the location of enhancement, but not the magnitude or 

timing. The location of enhancement was assigned to reserves with the highest λC. The 

number of reserves receiving enhancement in a given time step was equal to the first 

scenario. The fourth scenario altered the timing—based on the second scenario—and 

location—based on the third scenario—of enhancement, but not the magnitude. An ANOVA 

was used to compare mean metapopulation abundance and λM among enhancement 

scenarios.  

Results 

Mean metapopulation abundance and λM were not significantly different among enhancement 

scenarios (F5,84 ≤ 0.05, P = 0.99). Stock enhancement was least effective when conducted 

during July or September and most effective when applied to reserves with the highest λC 

during May of a given year (Fig. 10.1). No enhancement scenario was capable of increasing 

mean λM (≤ 0.87 ± 0.03) above the threshold for network sustainability.  
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Figure 10.1. Model projected increase in metapopulation abundance for various stock 

enhancement scenarios relative to a scenario of no stock enhancement. Scenarios 1, 2, 3, and 

4 are described above. For scenario 2, May, July, and September indicate the month within a 

year that stock enhancement was conducted. The dotted line represents the cumulative 

number of oysters added via enhancement (timing based on scenario 1).  
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APPENDIX 11 

Connectivity matrices indicating proportional exchange of larvae between natal reserves (rows) and settlement reserves (columns) 

during May-June a) 2006, b) 2007, and c) 2008. The magnitude of local retention and inter-reserve connectivity is depicted 

colored areas. White areas represent no connectivity. Solid line along the matrix diagonal represents local retention. Connectivity 

below the diagonal is generally directed from southwest to northeast and vice versa for connectivity above the diagonal. Reserve 

abbreviations: West Bay (WB), Ocracoke (OC), Hatteras (HA), Crab Hole (CH), Bluff Point (BP), and Deep Bay (DB), Middle 

Bay (MB), Turnagain Bay (TB), Croatan Sound (CS), and Gibbs Shoal (GS). 
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APPENDIX 12 

Range of demographic transition probabilities estimated for six oyster size classes in ten no-

take reserves during a) May-June (spring), b) July-August (summer), and c) September-April 

(fall/winter). Columns represent size class at time t and rows represent size class at time t+1. 

Matrix diagonals represent the probability of surviving and remaining in a size class (Pi). 

Matrix subdiagonals represent the probability of surviving and growing into larger size 

classes (Gj). The range of size class-specific survival (lx; Pi+ Gj) among reserves is included 

in the last row.   

a) 

Size class 0-15 15.1-30 30.1-45 45.1-60 60.1-75 75+ 
0-15 0-0.04 0 0 0 0 0 

15.1-30 0.06-0.41 0-0.16 0 0 0 0 
30.1-45 0.09-0.45 0.28-0.46 0.11-0.27 0 0 0 
45.1-60 0-0.18 0.03-0.25 0.30-0.69 0.27-0.59 0 0 
60.1-75 0 0-0.02 0.02-0.12 0.24-0.52 0.54-0.76 0 

75+ 0 0 0-0.06 0-0.08 0.05-0.35 0.81-0.92 

lx 0.35-0.73 0.36-0.68 0.54-0.92 0.78-0.91 0.73-0.96 0.81-0.92 

 

b) 

Size class 0-15 15.1-30 30.1-45 45.1-60 60.1-75 75+ 
0-15 0-0.03 0 0 0 0 0 

15.1-30 0.03-0.37 0.02-0.10 0 0 0 0 
30.1-45 0.34-0.65 0.27-0.55 0.07-0.36 0 0 0 
45.1-60 0.09-0.24 0.10-0.50 0.43-0.71 0.31-0.68 0 0 
60.1-75 0-0.01 0-0.04 0-0.22 0.14-0.57 0.55-0.70 0 

75+ 0 0 0-0.04 0-0.01 0.04-0.33 0.67-0.89 

lx 0.71-0.91 0.74-0.98 0.69-0.88 0.82-0.93 0.69-0.93 0.67-0.89 
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APPENDIX 12 Continued 

c) 

Size class 0-15 15.1-30 30.1-45 45.1-60 60.1-75 75+ 
0-15 0 0 0 0 0 0 

15.1-30 0-0.33 0-0.08 0 0 0 0 
30.1-45 0.23-0.65 0.10-0.52 0-0.17 0 0 0 
45.1-60 0-0.08 0.13-0.43 0.19-0.53 0.1-0.39 0 0 
60.1-75 0 0-0.12 0.14-0.53 0.37-0.53 0.13-0.57 0 

75+ 0 0-0.10 0-0.23 0.02-0.29 0.1-0.82 0.50-0.99 

lx 0.31-0.84 0.49-0.90 0.75-0.95 0.76-0.97 0.67-0.95 0.5-0.99 
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APPENDIX 13 

Connectivity matrices indicating proportional exchange of larvae between natal reserves 

(rows) and settlement reserves (columns) in a Few Large (a, c, e) and Several Small (b, d, f) 

reserve network design during May-June 2006. Reserve area and number were increased by 

2x (a, b), 6x (c, d), and 10x (e, f). The magnitude of local retention and inter-reserve 

connectivity is depicted colored areas. White areas represent no connectivity. Solid line along 

the matrix diagonal represents local retention. Connectivity below the diagonal is generally 

directed from southwest to northeast and vice versa for connectivity above the diagonal. See 

Appendix 11, panel a for connectivity matrix of the original 10-reserve network during the 

same time period. Reserve abbreviations: West Bay (WB), Ocracoke (OC), Hatteras (HA), 

Crab Hole (CH), Bluff Point (BP), and Deep Bay (DB), Middle Bay (MB), Turnagain Bay 

(TB), Croatan Sound (CS), and Gibbs Shoal (GS). 
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CONCLUSION 

Knowledge of demographic rates, population connectivity, and their interactions is 

central to understanding the dynamics of metapopulations, managing resources, and 

designing effective reserve networks (Roberts, 1998; Crowder et al., 2000; Kritzer and Sale, 

2004; Botsford et al., 2009; Cowen and Sponaugle, 2009; Figueira, 2009). In this 

dissertation, we first quantified spatiotemporal variation in demographic rates of eastern 

oyster (Crassostrea virginica Gmelin) within a network (i.e., metapopulation) of no-take 

broodstock reserves in Pamlico Sound, North Carolina, USA to examine the spatiotemporal 

scales at which demographic rates vary and the ecological consequences of demographic 

variation, such as density dependence. Additionally, we quantified dispersal of eastern oyster 

larvae and connectivity among reserves to assess the relative importance of key biological 

and physical drivers of dispersal and connectivity. Lastly, we integrated spatiotemporally 

explicit demographic rates and connectivity within a metapopulation source-sink framework 

to assess network sustainability and to provide guidance on network design and stock 

enhancement strategies to improve network sustainability. 

Chapter 1: Oyster demographics in a network of no-take reserves: recruitment, growth, 
survival, and density dependence 

Oyster recruitment and total density at reserves increased fifteen- and five-fold, 

respectively, over a 3 year period supporting the contention that density and age/size 

structure of protected species can increase rapidly in marine reserves (Halpern, 2003; Lester 

et al., 2009). From an oyster restoration perspective, our work supports the recent work by 

Schulte et al. (2009), Powers et al. (2009), and Paynter et al. (2010) indicating that 
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establishing no-take reserves may be an effective and ecosystem-based approach for 

developing a protected broodstock as part of an oyster restoration portfolio. The 

unprecedented high oyster densities in certain reserves (up to 6,500/m2 at study end) 

modified demographic rates such that further density increases may be regulated by density-

dependent survival. The prevalence of density-dependent survival suggests that oysters in 

this system are habitat rather than recruitment limited (Caley et al., 1996), which may 

minimize the utility of stock enhancement programs.  

Oyster demographic rates varied significantly among reserves at relatively small spatial 

scales (20 km), but not in the same manner. Certain reserves could be classified as the strong 

“recruiters” (reserves with highest recruitment; e.g., Crab Hole), others the fast “growers” 

(e.g., Ocracoke), and yet others the high “survivors” (e.g., Deep Bay). Cohort dynamics 

altered the demographic rank-order such that the demographically “best” reserves varied 

intra- and inter-annually. The demographic mosaic of reserves within the network may serve 

as a bet hedging strategy that buffers biotic and abiotic variability (Gaines et al., 2010), but 

also complicates applied management decisions. A one-size-fits-all restoration strategy is 

likely to be misguided. For example, stock enhancement should focus on reserves 

characterized by high and density-independent survivorship. Addition of habitat (i.e., 

artificial reef material) should focus on reserves characterized by high recruitment, but 

density-dependent growth and survival. The integration of multiple potentially confounding 

demographic rates within a metapopulation framework (see Chapter 3) is necessary to guide 

comprehensive restoration and management in reserve networks aimed at restoring 

populations.  
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Chapter 2: Larval dispersal and population connectivity among a network of marine reserves 

The location and timing of spawning relative to physical processes driven by 

meteorological conditions, particularly frequency of wind reversals, were the dominant 

drivers of particle dispersal and reserve connectivity. The significance of wind-driven flows 

on variability in dispersal and connectivity patterns is consistent with several studies 

investigating polychaetes, decapods, bivalves, and fishes across a wide range of 

spatiotemporal scales and biophysical scenarios (e.g., Young et al., 1998; Ellien et al., 2004; 

Ayata et al., 2009; Eggleston et al., 2010; Basterretxea et al., 2012). To a lesser extent, larval 

behavior and mortality influenced dispersal and connectivity patterns. We documented 

behavior-mediated increases in local retention and self-recruitment, which is consistent with 

the work of others (Sponaugle et al., 2002; North et al., 2008; Butler et al., 2011). At certain 

reserves in our study, levels of local retention and self-recruitment of non-behaving vs. 

behaving particles increased from 0% to 20-65% and from 0% to 70-95%, respectively. 

Surprisingly, dispersal and connectivity were relatively insensitive to spatiotemporal 

variability in adult reproductive output. We suspect the limited effect of variable 

reproductive output on connectivity was due to limited inter-reserve connectivity, especially 

among reserves with extremely low or high reproductive output (Figueira, 2009).     

The presence of reserves representing discrete subpopulations characterized by 

spatiotemporal variation in adult demographic rates (Mroch et al., 2012; Puckett and 

Eggleston, 2012) that are connected via asynchronous and asymmetrical larval dispersal,  

suggests that this reserve network is particularly amenable to testing metapopulation 

concepts (Kritzer and Sale, 2004). Furthermore, the importance of spawning location on both 
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larval connectivity (this study) and adult demographic rates (Puckett and Eggleston, 2012) 

suggests that source-sink dynamics may be an important component of this estuarine 

metapopulation (Figueira and Crowder, 2006). Only when adult demography and larval 

connectivity are integrated within a metapopulation framework can comprehensive 

management of this reserve system be obtained (Lipcius et al., 2008).   

Chapter 3: Metapopulation dynamics and the design of a marine reserve network 

The application of a source-sink metapopulation framework to assess the sustainability of 

a reserve network is a novel aspect of this research, and highlights the importance of 

population connectivity and subpopulation demography on the efficacy of marine reserves. 

Three defining features supported application of the metapopulation concept to the network 

of oyster reserves in this study: (1) the presence of subpopulations inhabiting discrete patches 

(i.e., reserves) with (2) sufficient inter-reserve larval connectivity to influence aggregate 

reserve population dynamics (3) without eliminating asynchrony in reserve dynamics 

(Kritzer and Sale, 2004). Integration of demographic rates and connectivity within a 

metapopulation framework provided a single parameter used to quantify reserve source-sink 

status (λc) and metapopulation growth rate (λM), thereby simplifying management decisions 

that can be contradictory if based on demographics or connectivity alone (Haase et al., 2012; 

Mroch et al., 2012; Puckett and Eggleston, 2012). Spatiotemporal variation in reserve 

demographics (see Chapter 1) and asymmetric inter-reserve connectivity (see Chapter 2)  

created source-sink structure within the oyster metapopulation (Figueira and Crowder, 2006; 

Runge et al., 2006). Source reserves provided a metapopulation ‘rescue effect’ whereby 

larval subsides from sources increased the population size of the subsidized reserve(s), but 
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the effect was short-lived and insufficient to promote network sustainability. The inability of 

this reserve network to be self-sustaining was due primarily to limited local retention and 

inter-reserve connectivity.  

  Our results support the theory suggesting that larval connectivity is a major driver of 

metapopulation and source-sink dynamics in systems with limited local larval retention and 

inter-reserve connectivity (Figueira, 2009). Accordingly, we developed a connectivity-based 

framework using a modified Single Large or Several Small—SLOSS—conceptual approach 

designed to enhance network connectivity. In this case, increasing the size of reserves in the 

network (i.e., Few Large design) tended to promote greater local retention of oyster larvae, 

whereas increasing the number of reserves in the network (i.e., Several Small design) tended 

to promote greater and more symmetrical inter-reserve larval connectivity. Of the two 

designs, several small reserves tended to promote greater metapopulation retention of 

reserve-spawned larvae, particularly at small increases in reserve number. As the number or 

size of reserves in the network continued to expand, larval connectivity was equivalent 

between both designs, suggesting that Few Large and Several Small reserves (FLASS) may 

be the optimal long-term network design. Reserve networks consisting of variable reserve 

sizes may be necessary to protect single species whose dispersal patterns depend on natal 

location (Edwards et al., 2007; Huret et al., 2010) and multiple species with variable  

dispersal distances (Palumbi, 2004). From a marine reserve perspective, our work indicates 

marine reserves can be an effective management tool for improving demographic rates and 

size-structure (e.g., Lester et al., 2009), but designation of multiple reserves does not 

guarantee a self-sustaining reserve network. Larval connectivity is an important 



 

205 

consideration in the design of reserve networks, and networks consisting of reserves of 

variable sizes may promote the greatest network connectivity. 

Future research 

The reserve-centric focus of this study was justified by our interest in determining 

whether the reserve network was self-sustaining (Gaines et al., 2010). Integrating 

demographic rates and population connectivity of fished subpopulations within the 

metapopulation modeling framework will provide insight into the interplay between 

harvested and protected areas on metapopulation dynamics. By doing so, we could also apply 

the metapopulation modeling framework to the Few Large or Several Small network design 

scenarios to determine how additional reserves influence the sustainability of the reserve 

network and the growth rate of the entire oyster metapopulation. The connectivity-

component of the metapopulation model could be improved by a rigorous validation of the 

biophysical-based model predictions of larval dispersal and connectivity. The recent use of 

elemental fingerprinting (sensu Carson et al., 2010) to empirically estimate connectivity of 

bivalve larvae may prove promising in our study area.  

The next step in improving the optimal reserve network design strategy (i.e., FLASS) 

identified in this dissertation is to develop an algorithm to determine which reserves in a  

network should be the “Few Large” and to identify any general properties of these reserves 

that make them ideal candidates for expansion. The connectivity-based optimal network 

design strategy could also be improved by integrating socioeconomic “layers” to provide a 

more robust reserve site selection algorithm that may benefit the target species and its 

multiple stakeholders in a way that maximizes the “bang for the restoration buck”.  
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