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Abstract

How Explicit Identification and Valuation of Ecosystem Services Can
Improve Management of Oyster and Oyster Reef Restoration

A decision-analytic modeling approach has been taken in addressing the issue of
managing oyster reef populations on the North Carolina coast for both fishery and
ecosystem service benefits. Specifically, an influence diagram network model has been
developed, parameterized, and results compared to an available survey of oyster
population and reef measurements for a location for which our model is a close analog.
The modeling approach is noteworthy in that it employs a Bayesian updating
functionality that allows us to incorporate and/or constrain model variables by available
information or data, and infer what would be the values of other modeled variables that
are consistent with these observations. This modeling approach has been intended to
support our thinking about what it means to restore oyster populations in the estuaries and
sounds of North Carolina, given today’s reduced population levels, scarcity of reef
habitat, the desire to continue to obtain fishery benefits, and the emerging recognition of
oysters’ importance in producing valued ecosystem services. Though restoration must
first mean a sustainable population, our results illustrate that this, if observed at all, may
be only for the short term. Even in the absence of the degrading effect of mechanical
harvest, natural decay was sufficient to cause decline in reef height and thus habitat
availability.

In addition, it appears that in the lower Neuse River estuary, intertidal reefs might
provide a higher water quality ecosystem service benefit than subtidal due to their
typically significantly higher animal density and thus clearance rates. At the same time,
intertidal reefs would likely provide less enhanced production ecosystem service benefit
due to the proportion of time during which the reef would be exposed to the atmosphere.
The fullest suite of ecosystem benefits from oyster reefs in the lower Neuse River estuary
location seems likely to come from a heterogeneous collection of reefs, each possessing
different features. In conclusion we recommend the following:

e Fishery management should incorporate consideration of rates of reef decline into
harvest management decision-making

e Studies assessing rates of reef decline within North Carolina should be conducted, as
this may be an additional factor strongly influencing habitat availability.

e If budgets available for reef construction or enhancement are constrained and reef
habitat is in limited supply, then oyster stakeholders should be surveyed to determine
whether preservation for ecosystem service benefits or degradation for fishery
benefits is preferred.
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1. Introduction

Eastern oyster populations in the mid-Atlantic and southeastern U.S. have declined
dramatically, with landings in the Chesapeake Bay and estuaries of eastern North
Carolina falling to 1-2% of their historical peaks a century ago (Hargis and Haven 1988,
Frankenberg 1995). While disease and deteriorating water quality have contributed to
this decline, a major factor has been the physical destruction of oyster reef habitat
associated with mechanical fishing gear. Over 50% of oyster reef habitat area has been
removed from the Chesapeake Bay (Rothschild et al. 1994a) and it is probable that
decades of fishery-related degradation have led to the decline of reef heights in North
Carolina locations such as the Neuse River estuary (Lenihan and Peterson 1998).

Traditionally, maintaining and increasing commercial and recreational harvests have been
the focus of restoration efforts. More recently, there has been increasing recognition of
the oyster’s contribution to producing a range of valued ecosystem goods and services
(e.g., Lenihan and Peterson 1998, Coen and Luckenbach 2000, Grabowski et al. 2007,
Powers et al. 2009). For example, with respect to water quality, oysters can offset the
negative effects of cultural eutrophication and increase light penetration by filtering
nutrients, sediments, and phytoplankton from the water column (Cressman et al. 2003,
Nelson et al. 2004, Grizzle et al. 2008). In addition to consuming phytoplankton, this
filtering induces a coupling between the water column and benthic community that,
among other processes, promotes denitrification by concentrating deposition of feces and
pseudofeces (Dame 1996, Newell et al. 2002, Newell 2004, Newell et al. 2005). Also, by
aggregating into vertically upright reef structures, oysters provide refuge and foraging
grounds that can enhance the recruitment and survival of finfish and mobile crustaceans
(Peterson et al. 2003).

It is currently unclear how resource extraction (e.qg., the shellfish fishery) should be
balanced with restoration of ecological function (e.g., to provide aquatic habitat, water
column filtration, and other ecosystem services) within oyster reef communities in the
estuaries of North Carolina. This issue is critical because traditional fishery practice
involves destruction of the habitat upon which oyster populations depend. In the absence
of discussions of what may be desirable tradeoffs between economic benefits of the
fishery and ecological benefits from the reef ecosystem, the important question, “What is
restoration?”” remains unaddressed, diminishing effectiveness of efforts toward this end in
significant ways. For example, if stakeholders assign significant value to the ecosystem
services that could be obtained from viable oyster reef habitat left intact on the estuarine
bottom, then success could require increasing restrictions on fishing. Valuation of these
ecosystem services may also reveal that the cost of restoration actions or restoration
research can now be justified even though it could not be justified by considering fishery
benefits alone at today’s low yields. Unfortunately, in part due to the lack of such



valuation, the research efforts underway at other east coast locations to clarify and
quantify ecological function of shellfish reef habitats and translate these into measures of
ecosystem services have been lacking in North Carolina. We have proposed that this
information, along with a decision analysis demonstrating how it can be used to guide
adaptive management, needs to be obtained and provided to natural resource managers
and decision makers in order to help make oyster restoration efforts more effective.

Restoration of oyster populations is complicated beyond the usual requirement to
estimate and understand recruitment and mortality rates by the fact that oysters create
their own habitat (see Mann and Powell 2007). Thus both habitat and population size
must be rebuilt and maintained in concert and equilibrium as a prerequisite for success.
At equilibrium, balance in an exploited stock is represented as

R (rate of recruitment) = F (rate of fishing mortality)

+ M (rate of natural mortality)’ @
and expressed in the equation
dN/dT =(R-F—-M)-N )
with the implicit goal that
dN/dT >0 or R>F+M. 3)
But the shell balance of an oyster reef has been expressed as
dS/dT =(b-1)-S, (4)

where S is the shell stock, b (time™) is the rate of shell addition and | (time™) is the rate
of shell loss (Powell et al. 2006, Powell and Klinck 2007). Thus in any given year bS in
(4) relates to mN (where the lower case m refers to an individual oyster reef) in (2) as

¢mN =bS ®)

where ¢ expresses the efficiency of conversion of shell produced by natural mortality

(mN) into shell stock (bS). This leads to the existence of a dynamic between habitat,
recruitment, shell loss, and natural mortality that can be written as:

dS/dT =rN—IS —dN /dT =¢gmN —IS (6)
(Mann and Powell 2007).

To maintain habitat, oysters must die, and ultimately the status of the habitat is dependent
on the rate at which oysters recruit and die. When the population is robust, the demand



for shell can be met with a low mortality rate. However, when the population is
depauperate (as is the case to day in both Chesapeake Bay and North Carolina), a high
mortality rate is required and habitat sustenance becomes absolutely dependent on a high
recruitment rate. If recruitment rate R is greater than the sum of F (fishing) and

M (natural mortality) rates, then rebuilding of the population is occurring, provided that
S (shell habitat) is also accreting. Actions should be understood in terms of their impact
not only on recruitment and mortality but also on shell stock accretion. Arguably, the
primary management and restoration goal, rather than (3) above should be (see Mann and
Powell 2007)

dS/dT >0. @)

This requires a vibrant population. If oysters are to both provide a harvestable resource
and maintain their habitat, then management must consider more than a balance between
R, M ,and F since much of the mortality function will be devoted to providing the
shell necessary to maintain shell stock S . Itis critical to explore what might be
necessary through a multiyear program of shell planting, recruitment enhancement, and
wise fishery management to achieve at a minimum dS/dT =0 and dN/dT =0.

This report documents our development of a decision-analytic model of the dynamics of
reef height and oyster population along with production of the ecosystem services of
water filtration and enhanced production for a hypothetical 1 acre reef constructed within
the lower Neuse River estuary, North Carolina. The purpose of the model is to support
our thinking about the interaction between decisions about whether or not to harvest an
oyster reef, the sustainability and restoration of the shell resource and oyster population,
and the ecosystem services that could be derived from the oyster population-reef habitat
complex. When constrained by observations about harvest management decisions and
the true states of model variables, this model could be used to provide rigorous
probabilistic forecasts of the likelihood of attaining desired levels of ecosystem services.
In fact, it is flexible enough that given observations of any subset of model variables, the
certainty about the values of any unobserved variables can be estimated.

The hypothetical reef modeled in our study is conceptualized as an analog to one of an
real complex of subtidal reefs that was constructed for research purposes in the early
1990s and set aside as a protected sanctuary. Thus we illustrate the application of the
model by incorporating to the extent possible both data collected on these reefs shortly
after construction (1994 — 1995, Lenihan 1999), as well as measurements obtained on
these same reefs during a survey conducted eight years later (2002-2003) (Powers et al.
2009).



2. Methods
Model Methodology

From a decision analytic perspective, the Bayesian network model of interest is the
influence diagram, which incorporates the alternatives under consideration, the uncertain
predictive relationships representing our state of knowledge about the system, and a value
model describing the desirability of the different possible consequences (Howard and
Matheson 1984; Shachter 1986, 2007). The influence diagram we describe is developed
with these goals in mind. Thus, it includes the variables and causal relationships
representing our hypotheses about how reef harvest impacts population and reef height,
and consequently how the living population produces certain ecosystem services at a
given spatial scale. It is a dynamic Bayesian network and thus reflects how these
variables evolve over a specified time horizon (Haas 2011). The Bayesian network
approach makes it convenient to apply Bayes Law so that new information (observations,
data) can be incorporated in accordance with theoretically sound probabilistic calculus
(e.g., Jensen and Nielson 2007). In sum, its purpose is to give estimates of certainty
(make inferences) for (unobservable) hypothesis events or variables on the basis of
observable events (e.g., collected data). Inferences are made as information from
observed variables flows within the network to update our beliefs about the unobserved
hypothesis variables (Jensen and Nielsen 2007).

In an influence diagram, the nodes represent variables of interest while the arcs represent
probabilistic relevance, which in our usage denotes a causal relationship between a
variable and its predecessors. For a node that has predecessors, the relationship to its
predecessors is described by a conditional probability distribution that defines its values
for each possible combination of the values of its predecessor nodes. A node that has no
predecessors is described by an unconditional or marginal probability distribution. The
absence of a direct link between two variables indicates that they are conditionally
independent. This does not mean that up-network nodes do not influence the values of
down-network nodes (i.e., unconditional independence)—they do; instead it means that
once the value of the immediate predecessor variable is known (e.g., is observed), then
the influence of nodes located further up-network is no longer relevant (Jensen and
Nielson 2007). This makes it possible to develop separate sub-models to describe the
individual conditional probability relationships.

By computing the posterior probability distribution over all other variables once the value
of any subset of model variables is observed, the influence diagram allows both forward
prediction of the effects of intervention on down-network variables of interest (e.g., Pearl
2000, Borsuk et al. 2004), as well as backward inference of the implications of
observations for perhaps unobservable up-network parameters for which one wishes to
test hypotheses (e.g., Heckerman and Shachter 1995).
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Relationships in the network have been defined using the best available scientific data,
models, and expert judgment. Process-based models that capture underlying physical,
biological, and chemical relationships can be used if simple enough to admit uncertainty
analysis (e.g., Borsuk et al. 2004). In other cases, previously-collected data have been
used to develop empirical models relating network variables. Finally, when neither
model nor data is available to fully characterize a relationship, the judgment of experts
with knowledge of the particular underlying process has been employed (e.g., Morgan
and Henrion 1990). The emphasis is on modeling processes at a level of aggregation
relevant to the temporal and spatial scales being addressed by the decision under
consideration, while capturing smaller scale processes in the variability represented by
the conditional probability distributions that describe the relationships between each
variable (e.g., Reckhow 1999).

Model Description

To restore oyster populations from their degraded status, a sustainable level of reef
habitat resource and population must first be attained (see discussion above). The model
is used to represent these processes in a particular setting: a population of oysters
growing on a 1 acre, constructed, subtidal reef in the lower Neuse River estuary. Itis
also developed to pose hypotheses about the ability of the eastern oyster to provide direct
ecosystem services such as economic benefits of an oyster fishery as well as the indirect
ecosystem services of water filtration and enhanced production. On a broader level, it
could be used to address the question of whether or not preventing harvest of oyster reefs
could better achieve stakeholder objectives for improving ecosystem health and human
well-being than if the oysters on those reefs were harvested. Other relevant questions
involve the dependence of these potential ecosystem services on design and management
of the oyster reefs.

The influence diagram is shown in Figure 1 for a four year time horizon. One possible
application is to relate decisions of whether or not to harvest (e.g., by mechanical oyster
dredge) to the potential reduction in height of the oyster reef and subsequent mortality of
the resident oyster population as well as burial of the reef from sediment deposition.
These processes could reduce the density of living oysters on the reef, and consequently
diminish reef ecosystem services such as enhanced production of finfish and nektonic
crustaceans and water filtration (e.g., water clarity) downstream of the oyster reef. From
an inferential perspective,






Figure 1. Influence diagram of multi-year management of oyster reef in
lower Neuse River estuary considering reef design in year 1, multi-year
reef height, harvest, recruitment, mortality, growth, and ecosystem
services (filtration, and enhanced production)

some observations/data may, for example, be available for number, size distribution,
and/or harvest, but not for reef height, water clarity, or enhanced production.
Incorporating such observations into the model would enable us ask address questions
such as the following: Given that we know the number and size distribution of a reef
population at a given time, what can we say about the likely height of the reef? And what
are the implications for whether both population and oyster reef shell resource are being
simultaneously maintained (i.e., restored)? Or what can we say about the likely
improvement in water clarity downstream of the reef? How might this change if a
particular level of recruitment is observed in a particular year? Answers are expressed in
terms of rigorously derived probabilistic statements, e.g., After being established at a
height of 2 meters, after four years, the height of the reef only has a 25% probability of
being between 1 and 2 meters and a 75% probability of being less than 1 meter in height.
The model could further show, for example, that this happened due to natural processes
of reef decay, even in the absence of the degrading effect of harvest on reef height (e.g.,
cf. Powell et al. 2006).

The amount of reef reduction considered in the model is what would result from a
fisherman foraging until catch per unit effort had declined to be sufficiently unrewarding
to induce moving on to another reef. The geographical setting is the lower Neuse River
estuary, about 8 km upstream of the entrance to Pamlico Sound (Figure 2). At the
beginning of year 1, a 1 acre, 200 cm tall reef is seeded with 24 mm shell height oysters
at a density of 500 animals/m?. Temporally, during the first of the annual time steps, the
values of intermediate network variables (e.g., mortality, reef burial) integrate
biophysical processes that took place on an actual oyster reef in the same location over a
10-month period beginning in August, 1994. Subsequent time steps in our model reflect
dynamical equations that describe the time evolution of key processes. For number and
reef height, differential equations (equations 2 and 4, respectively) have been expressed
as difference equations. The von Bertalanffy growth equation has been used to express
growth as a function of size (see Table 1 for more detail).

Oyster filtration is estimated for average July, mid-river hydrographic conditions at this
location (chlorophyll a, turbidity, and salinity). Oyster filtration has the potential to
enhance reef edge water clarity, quantified as the inverse of the diffuse light attenuation
coefficient (Gallegos 2001, Xu et al. 2005). The endpoint water clarity variable reflects
steady-state current flow conditions that correspond to periods when long-term average,
along-channel winds (northeasterly or southwesterly) prevail.
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Peterson et al. (2003) reviewed studies that compared the abundance of fishes and large
mobile crustaceans on oyster reefs and nearby sedimentary habitat in the southeast United
States, leading to an estimate of per unit area enhancement of production expected from
the addition of oyster reef habitat. They calculated that 10 m? of restored reef is expected
to yield an additional 2.6 kg/yr of production of fish and large mobile crustaceans for the
lifetime of the reef, a number taken here to represent a median value. This production
would be reduced by sediment deposition and resulting burial of the reef.

Model Construction

To model processes that take place on the reef during the first year, we use the historical
data from a 1994-95 field study in the lower Neuse River estuary that we now describe.
The network model represents measurements of biophysical processes of eastern oyster
growth, survival, and subtidal reef burial from a 10-month, large-scale field experiment
conducted in the lower Neuse River estuary (Lenihan 1999). Beginning in August 1994,
flow speed across reefs, sediment deposition on and burial of reefs, and oyster
recruitment, growth, and survival were measured as a function of water depth, reef
height, and position on reef. Measurements of oyster growth and survival

\“\L/\ }" Albemarle Sound
—
W”“‘%
S A
o3

R
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Figure 2. Map of Pamlico Sound, NC USA with a rough outline of
subtidal eastern oyster reef habitat areas originally surveyed by Francis
Winslow, 1886, denoted by crosshatching (courtesy of J. DeBlieu, The
Nature Conservancy).

were made on genetically-similar, hatchery-raised, juvenile oysters placed on reefs for 10
months. Reefs were constructed at four different heights (0.1 m, 0.6 m, 1 m, 2 m) in
order to test hypotheses of whether reef structure influences hydrodynamics, and, in turn,
whether hydrodynamics influences oyster performance. The study found that oyster
growth and survival increase at greater reef heights while reef burial rates decrease. It
has been argued that the faster current speed at greater reef heights provides greater flux
and quality of suspended food material to the eastern oyster, an active suspension feeder
(Newell and Langdon 1996, Lenihan 1999), leading to improved performance. Flume-
based studies of eastern oysters provide evidence in support of this model (Lenihan et al.
1995).

Conditional probability distributions describing the impact of different reef heights on
reef burial and oyster mortality integrated over the 10-month period were fit and used to
describe year 1 processes in our network model. Similarly, for subsequent years,
conditional probability distributions were fit and used that describe the amount of reef
reduction resulting from mechanical oyster dredging, based on a gear comparison study
performed on the same experimental reef system (Lenihan and Peterson 2004). In these
subsequent years, empirical and semi-empirical relationships were obtained from
published studies and expert judgment to reflect the relevant processes of population
growth, change in reef height, and production of ecosystem services of water clarity and
enhanced production. Thus, for example, the network model describes the probability
that mechanical dredging will reduce the average reef height, and the subsequent oyster
growth, mortality, and reef burial, as well as annual enhanced production and July
downstream, reef-edge water clarity.

The model is implemented within the Bayesian network programming environment
Hugin (Hugin 2005). Hugin automates the discretization of continuous probability
distributions as required by network solution algorithms. Once compiled, available
information is propagated throughout the network and the probabilities associated with
each state of every variable are computed. Table 1 summarizes model relationships,
assumptions, and information sources for the network model.

Table 1. Model relationships and assumptions incorporated into Influence
diagram (Figure 1).
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Network Model Relationship

Assumptions

Buniall

R1: Reef Design And Year 1 Processes
Design decision, Initial reef height set to
200 cm, acreage set to 1 acre.

Seeded w/hatchery juveniles, 24 mm Shell
Height, as in Lenihan (1999)

First year burial (fraction), growth (mm
Shell Height), and mortality (fraction)
fitted to data (Lenihan 1999).

Harrest?

@ g MHumber:

R2: Number in yr3 = F(Number in yr 2,
Recruit2, Harvest3, Mortality) (units =
Number/square meter) (also in time
steps 4, 5; in 2 there is no harvest, as
animals will be too small.)

Evolution of number of animals on reef
described using equation 2 in text.
Harvest3 (yr™) allowed for >75 mm Shell
Height oysters, otherwise = 0.

Mortality (yr™) rate associated with 100
cm reefs as measured by Lenihan (1999) is
assumed for each time step.

Recruit2 (Number/square meter) to
smallest size class (<37.5 mm Shell
Height)
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e R3: Size inyr3 = F(Size in yr2, Grwth2,
Number2, Recruit2) (also in time steps 2,
4,5)

o Size distribution of reef oyster population
reflecting weighted contribution of
number in each of 3 size classes, 0-37.5,
37.5-75, >75 mm Shell height.

o Grwth2 (mm Shell height per year) as a
function of size (see Fig. 1) based on the
voktn Bertalanffy growth equation, L«=L(1-
ev),

o Parameters estimated based on the meta-
analysis of Rothschild et al. (1994b), i.e.,
L,, =150 mm (asymptotic maximum
length), k=0.28/yr (Brody growth
coefficient)

o R4: Recruit2=F(Aug_Sal) (units =
@ Number/square meter) (also in time
steps 2, 4, 5)

o Predictive relationship based on regression
(see Appendix 3) of spatfall data obtained
from the North Carolina Division of
Marine Fisheries (Hardy 2009).

e Aug_sal (ppt) data obtained from
MODMON measurements (Luettich et al.
2000). Average Aug salinity at
MODMON station 120 for years 1994-
2006.

Pug_%al

15




| Fioef_Hots

Reef_Hgtz

e R5: Reef Height in yr3 = F(Reef Height

in yr2, Degrad3, Accret2, Decay) (units
= cmlyr) (also in time steps 4, 5; in 2
there is no degradation)

o Evolution of reef height described using
equation 4 in text.

o Reef shell stock Decay (yr) based on
Powell and Klinck (2007).

o Degrad3 (cm/yr) reflects mechanical
harvest impacts (Lenihan and Peterson
2004)

o Accret2 (cm/yr) to reef height reflects size
dependent rate of conversion of shell into
shell stock produced by natural mortality,
see equation 5 and Fig. 1 in text (Powell
and Klinck 2007).

| Feef_rfreal

Reaf_frzal

o R6: Reef Area3 = F(Reef Area2,
Burial) (units = square meters) (also in
time steps 2, 4, 5)

e Burial (yr™) rate associated with 100 cm
reefs as measured by Lenihan (1999,
giving the fraction of the reef buried each
year.

Enh_Prod:

e R7: Enh_Prod3 = F(Ep_rate,
Reef Area3) (units = kg/year) (also in
time steps 1, 2, 4, 5)

e Ep _rate (kg per year per square meter)
derived from data reported in Peterson et al
(2003).
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e R8: Cl_rate3 = F(Size3) (units = L/hr)
@ (also in time steps 1, 2, 4, 5)
e Individual clearance rate is derived from

size data (Ross and Luckenbach 2006) as
referenced by Grizzle et al. (2008).

e R9: Chla_Dwn3 = F(Reef_Area3s,
Number3, Cl_rate3, Flow, Chla_Up)
(units = pg/L) (also in time steps 1, 2, 4,
and 5)

o Grizzle et al. (2008) presents a general
relationship (which may be derived from
first principles) for the percentage of
reduction in chlorophyll a concentrations
downstream of a reef of filtering oysters
(cf. Fulford et al. 2007, who take a
different approach).

e Chla_Up (ug/L) is obtained form
measurements conducted as part of the
Neuse River MODMON study described
by Luettich et al. (2000). Based on surface
measurements, 1997-2007.

o Flow (cm/s) rate associated with 100 cm
reefs as measured by Lenihan (1999)
(normal flow mode, crest height).

17




e R10: Turb_Dwn3 = F(Cl_rate3,
Turb_up) (units = NTU) (also in time
steps 1, 2, 4, and 5)

e Expert judgment used to estimate
nominal rate of turbidity reduction of 1/10
based on Newell and Koch (2004).

e Turb_Up (NTU) August turbidity at
MODMON station 160 based on surface
measurements, 2001-2007.

e R11: Water_clar3 = F(Turb_Dwn3,
Chla_Dwn3, Salinity) (units = meters)
(also in time steps 1, 2, 4, 5)

o Water clarity is quantified as the inverse of
the diffuse light attenuation coefficient
(Gallegos 2001, Xu et al. 2005).

o Downstream vs. upstream (see Fig. 1)
water clarity is compared as a function of 3
predictors.

o Multivariate regression used to obtain
predictive relationship (see Appendix 4)
(cf. Xu et al. 2005).

o Salinity (ppt). August salinity at
MODMON station 160 based on surface
measurements, 1997-2007.

18




3. Results

Population Dynamics

After being seeded with 24 mm shell height oysters at a density of 500 animals/m? at the
beginning of year 1, the oyster population reaches an approximate equilibrium after about
two years with the average density of animals in total predicted to be about 435
animals/m? (e.g., see variable Number3, Figure 3). This reflects a balance between
harvest, natural mortality, and recruitment. At the same time, the size distribution of the
population is gradually shifting toward larger animals (i.e., 37.5-75 mm, >75 mm shell
height) as growth takes place (e.g., see variable Size3, Figure 3). By time step 4 only a
few of the animals per square meter are >75 mm shell height, less than 2%, which
equates to <10 market size adults per square meter.

An attempt at comparison may be made to the survey results reported by Powers et al.
(2009) for the Neuse River shallow location for which our modeled reef is an analog.
They found that the density of market sized oysters was 46 animals/m? and the average
overall density was 95 animals/m?. Their measurements indicate, relative to our results, a
larger prevalence of market sized oysters, but a much smaller overall density. Their
results would be applicable eight years after the initiation of our simulation, or four years
after our last modeled time step. The discrepancy in prevalence of market sized animals
may be explained in part by noting that during the additional four years, additional
growth and further shift toward a larger size class would be expected to be observed in
the modeled results.

In addition, the Bayesian updating nature of the model would allow us to reflect in model
predictions an observation that growth was actually (by means of a survey conducted on
the reef, perhaps) “high” in years 1 and 2, for example. By “high”, we mean at the
largest rate of growth being modeled, e.g., 34-51 mm shell height per year, see variable
Grwth2, Figure 4. By fixing growth in years 1 and 2 to be high, as opposed to partially
distributed to lower growth rates, modeled prevalence of market sized oysters by year
four would increase as a result. This is because this evidence would propagate through
the network leading to a higher predicted proportion of market sized oysters by year 4
(Figure 4).

The total density of animals on a reef will be very sensitive to recruitment and natural
mortality (see Figure 4). They would be sensitive to estimates of harvest as well.
However, in this illustration harvest is fixed at zero, consistent with restrictions on the
Neuse River shallow site, which is a protected sanctuary. Even if this were not the case,
very little harvest would be allowed by year 4, as the prevalence of market sized adults
was minimal.
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oysters (variable Size5) of fixing growth at its highest level during years 1
and 2. Harvest is fixed at zero.

Recruitment and natural mortality are known to be very difficult to estimate. Powers et
al. (2009) report only that some evidence of recruitment was observed for the Neuse
River shallow location (at some point during the preceding eight years). Better estimates
of recruitment and mortality rates are desirable in order to improve our modeling ability
for this location.

Evolution of Reef Height

Unlike the equilibrium reached by the oyster population after two or three years, reef
height is predicted to undergo a continual decline (Figure 5). After being constructed at a
height of 200 cm at the beginning of year 1, by the beginning of year 5 there is a 75%
probability that reef height will be less than 100 cm. The predicted average is 75 cm.
Interestingly, this is the case despite the absence of the significant degradation that would
result from harvest, since this is fixed at zero. Instead, this result is due to the processes
that contribute to reef decay outpacing those that contribute to reef accretion. Accretion
is a function of size-dependent mortality—more specifically, the conversion of shell of
dead animals into cultch, building up reef height (Powell et al. 2006). Estimates of rates
of reef decay are obtained from measurements made for the Delaware Bay system
(Powell et al. 2006). They are the best available that we were able to obtain, though it is
unknown how accurate they are for the lower Neuse River location.

Nevertheless, there appears to be fairly good agreement between decline in reef heights
predicted by our model and the reef heights observed by Powers et al. (2009). They
found average reef heights in the Neuse River shallow system of 0.5 — 1.1 meters, but did
not report any assessment of the role of reef decay in the observed reduction in reef
heights. Instead, providing a possible explanation for decline in reef heights, they found
evidence in the form of scattered shell material that some reefs within the system had
likely been destroyed by illegal harvest or storms. They also found that some of the reefs
within the Neuse River shallow system that were known to have been constructed were
undetectable. Our model results suggest that besides the well-known effect of
degradation due to mechanical harvest, natural decay is an alternate explanation for
declining reef heights in the in the lower Neuse River estuary that should be considered.
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Ecosystem Services

Water Clarity. Little or no improvement in water clarity was predicted downstream of
the reef for our modeled density and size distribution of oysters (Figure 6). This is
explained in part by the fact that clearance rates are a function of oyster size, and, as
observed above, the proportion of adult animals is still quite low by the end of time step
4. Individual clearance rates are only about 3 Liters/hour on average by time step 4,
producing essentially no change in downstream algal concentrations (indicated by
chlorophyll a) relative to upstream. This may be contrasted with individual clearance
rates that have been obtained for large (80 — 100 mm shell height) subtidal oysters using a
widely published but different approach for eastern oysters of from 7 — 10 Liters/hour
(Newell and Koch 2004, Newell et al. 2005)

It is helpful to compare this result to the field experiments and discussion reported by
Grizzle et al. (2008). In a shallow, well-mixed, tidal flow over constructed, intertidal
reefs, they found that oysters of relatively small size (36.1 mm shell height, 0.161 g dry
weight) reduced chlorophyll a concentrations downstream by about 13% on average.
(Throughout this discussion, dry weight is obtained from shell height using the dry
weight to shell height relationship reported by Ross and Luckenbach (2006)).

This is especially remarkable because this reduction was consistent with a calculated
individual clearance rate of just 1.21 Liters/hour. However, the significant difference
was that the average density of animals on the reefs in the Grizzle et al. (2008) study was
almost 1,200 animals per square meter, which is approaching three times the equilibrium
density prevalent on our reef. It is typical to find significantly higher densities of animals
on intertidal relative to subtidal reefs.

As above, we may use the Bayesian updating functionality of the model to infer the
probabilities of up-network model variables that would be consistent with significant
downstream improvement in chlorophyll a concentrations. However, our model is rather
parsimoniously parameterized, and does not yield any feasible up-network model
variables consistent with, say, downstream water clarity with a 100% probability of being
in the 1-2 m range.

Enhanced Production. Our results show a trend in enhanced production that declines as
surface area of the reef is reduced by modeled rates of burial due to sedimentation
(Figure 7). Our estimates do not account for a role of the maturity of the reef population
in producing this ecosystem service. However, reef maturity is expected to have a
relatively small effect as the reef is expected to begin having a significant effect on
production by the first warm season after seeding with juveniles.
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4. Discussion

This modeling approach has been intended to support our thinking about what it means to
restore oyster populations in the estuaries and sounds of North Carolina, given today’s
reduced population levels, scarcity of reef habitat, the desire to continue to obtain fishery
benefits, and the emerging recognition of oysters’ importance in producing valued
ecosystem services. The most obvious reality is that restoration must first mean a
sustainable population (e.g., Mann 2000). However, our modeled results have illustrated
that this may not be accompanied by sustainable levels of shell-based habitat, equally as
important for restoring population (e.g., Mann and Powell 2007). This may be due to
degradation as a result of allowed mechanical harvesting techniques, but also, even in
their absence, by natural reef decay, if this outpaces rates of reef accretion (Powell et al.
2006, Powell and Klinck 2007). Any apparent stability in oyster population such as
predicted by our model results cannot outlast the disappearance of the reef habitat
resource.

Only by first understanding something of the dynamics of a sustainable interaction
between shell resource and oyster population do we then put ourselves in a position to
begin to understand what levels of ecosystem services could be obtained on an ongoing
basis. For a lower Neuse River location, there appear to be some further challenges at
least related to questions of whether necessary densities of animals are achievable. One
suggestion that emerges is that in this location intertidal reefs would provide a higher
potential of obtaining a water quality ecosystem service benefit. At the same time,
intertidal reefs would likely reduce the enhanced production ecosystem service due to the
proportion of time for which the reef would be exposed to the atmosphere. The fullest
suite of ecosystem benefits from oyster reefs in the lower Neuse River estuary location
seems likely to come from a heterogeneous collection of reefs, each possessing different
features.

5. Summary and Conclusions

A decision-analytic modeling approach has been taken in addressing the issue of
managing oyster reef populations on the North Carolina coast for both fishery and
ecosystem service benefits. Specifically, an influence diagram network model has been
developed, parameterized, and results compared to an available survey of oyster
population and reef measurements for a location for which our model is a close analog.
The modeling approach is noteworthy in that it employs a Bayesian updating
functionality that allows us to incorporate and/or constrain model variables by available
information or data, and infer what would be the values of other modeled variables that
are consistent with these observations. In this way the model enables us to represent in a
rigorous, probabilistic way our beliefs about the values of modeled variables, taking into
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consideration all available knowledge about system processes as represented within the
model structure and parameters and available data and observations.

To illustrate the application of our modeling approach, we presented an analysis in which
a constructed oyster reef is closed to harvest for four years after being seeded with a large
density of juvenile oysters. After being constructed at a height of 200 cm and area of 1
acre, we model for the following 4 years processes of growth, natural mortality, and
larval recruitment to the oyster population; the trend in reef height due to processes of
accretion and natural decay; and the production of ecosystem services of water quality
and enhanced production. We attempt to assess the performance of our model by
comparison to data available for a real reef system in the same location also being
managed as a closed sanctuary, but for which the data available were collected eight
years after being seeded with oysters. Taking this difference in time into consideration,
we found some apparent confirmation with respect to modeled reef heights, though
perhaps not with population densities. We also modeled the water clarity benefit that
oysters could provide, but obtained little or no effect. This is explained by referring to a
recent study that obtained a significant reduction in down-reef seston concentrations, but
for intertidal rather than subtidal reefs and for almost three times the density of animals
as in our study. Enhanced production levels were modeled in this study as proportional
to reef area, declining over time as the reef was buried due to sedimentation. Subtidal
reefs should provide more of an enhanced production benefit relative to intertidal reefs to
the extent that they have a greater surface area below the water surface.

We close with two main observations. First, our results illustrate the possibility that in
the short term reef heights may decline even as oyster population shows resilience.

These results are consistent with a management context in which shell reef material has
to be continuously supplied from an exogenous source, as is the case in North Carolina
and the Chesapeake Bay. Secondly, a full suite of ecosystem benefits may well require a
full suite of reef types. The lower Neuse River estuary location examined in this study, if
better suited to subtidal reef structures, may provide more enhanced production than
water clarity benefit.

6. Recommendations
The following are recommended:

e Fishery management should incorporate consideration of rates of reef decline into
harvest management decision-making.

e Studies assessing rates of reef decline within North Carolina should be conducted, as
this may be an additional factor strongly influencing habitat availability.
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If budgets available for reef construction or enhancement are constrained and reef
habitat is in limited supply, then oyster stakeholders should be surveyed to determine
whether preservation for ecosystem service benefits or degradation for fishery

benefits is preferred.
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Appendix 1:
Alphabetical List of Abbreviations and Symbols

(Any abbreviations and symbols are written out and defined in the text.)
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Appendix 2:

Activities Associated with the Project

Workshop, June 1, 2009. Anderson, Nojavan, Grabowski, Piehler, and Peterson met in
Morehead City, NC, at the Institute of Marine Sciences, University of North Carolina to
continue development of models representing the relationships within the Bayesian
network.

Workshop, July 13-14, 2009. Anderson, Nojavan, and Grabowski met at the Nicholas
School of the Environment, Duke University in Durham, NC, to continue development of
the productivity enhancement model within the Bayesian network.

Presentation, November 19, 2009. Nojavan presented results from summer research in
ReckhowLab Group meeting, Duke University, Durham, NC.

Workshop, May, 2011. Anderson met in Milwaukee, WI, with Dr. Timothy Haas of University of
Wisconsin Milwaukee to discuss new Bayesian network modeling approaches.
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Appendix 3:

Larval Recruitment in the Lower Neuse River Estuary

Since 1981, as part of their cultch planting program, the North Carolina Division of
Marine Fisheries (NCDMF) has collected data on larval recruitment throughout Pamlico
Sound. Returning at approximately 1 year intervals for up to three years after planting a
bed, a random sample of 30 shells (cultch) is collected and the number and size (length)
of spat recorded. Thus these data are available for a number of cultch planting sites in the
lower Neuse River estuary (Figure A3.1).

Using these data, it is possible to characterize trends in recruitment to locations within
South River and Turnagain Bay, for example, for a period going back almost 30 years.
Average number of spat on the first sampling date (e.g., within the first year) after
planting may be taken to indicate recruitment to a particular location. Subsequent
sampling dates will include some unknown effect of intervening mortality and thus are
not considered in the estimate of recruitment. Length data is also available as part of the
NCDMF data set, and may in the future be used to develop an estimate of growth (cf.
Ortega and Sutherland 1992).
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Figure A3.1. Map of North Carolina Division of Marine Fisheries

(NCDMF) cultch planting sites in the lower Neuse River estuary.

In addition, an extensive, multi-institutional study (MODMON, Luettich et al. 2000),

begun on the Neuse River during the 1990s (Figure A3.2), provided data on several water
quality parameters. For example, bimonthly data is available for salinity.
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Figure A3.2. MODMON water quality stations, from Luettich et al.

(2000).

Examination of salinity time series suggests the existence of episodic behavior that could
potentially drive recruitment (Figure A3.3; cf. Ortega and Sutherland 1992). This
possibility was investigated by regressing recruitment on salinity, yielding a relationship
that is potentially useful for our network model (Figure A3.4). It relates average August
recruitment within Turnagain Bay to bottom salinity at MODMON location 120. Further
exploration of this relationship is desirable, though limited by lack of availability of
salinity data.
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Figure A3.4. Regression of average spatfall in Turnagain Bay vs. Aug
Bottom Salinity at MODMON 120 based on available NCDMF and
MODMON data.
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Appendix 4:

Predicting Water Clarity for the Lower Neuse River Estuary

To estimate the variability in the underwater light field (the diminishment of light
intensity with depth) in the lower NRE, we take an empirical approach by using a dataset
that relates optically active constituents phytoplankton (chlorophyll a), non-
phytoplankton particulate matter (turbidity), and colored dissolved organic matter
(CDOM) to the coefficient of diffuse light attenuation Kgy. As in Xu et al. (2005), we use
salinity as a proxy for CDOM. This relationship is often assumed to be linear (and
independent of wavelength), with the coefficients of each water quality constituent
representing specific attenuation coefficients (i.e., attenuation per unit concentration), i.e.,

K, (PAR) = K, + K [CHL]+ K, [TURB] + K [SAL], (A4.1)
where PAR is photosynthetically active radiation (Gallegos 2001, Xu et al. 2005).

In our analysis we pool multi-year (2000-2007), bi-monthly data (N=168) from
MODMON location 160 (Figure A3.2) in the lower NRE and use multiple linear
regression to estimate the coefficients. Turbidity, as obtained by nephelometer
measurements (NTUs), is assumed to capture the non-phytoplankton contribution to
K4(PAR) (Gallegos 2001, p.385). Note that this location is expected to have significant
non-algal contribution to optical properties (i.e., Case 2 waters, Gallegos 2001).

We assume that oysters can provide an ecosystem service benefit in improved water
clarity by reducing input levels of phytoplankton and turbidity. Figure A4.1 displays four
possible covariates of the diffuse light attenuation coefficient K4 at lower NRE
MODMON location 160, comparing the assumed linear relationships to a loess smooth.
Linear regression finds a significant relationship to chlorophyll a, turbidity, and salinity,

K, (PAR) =1.3234+0.0010 - [CHL] + 0.0260 - [TURB] — 0.0315- [SAL] (A4.2)

explaining 56% of the variability and making estimation of predictive uncertainty
straightforward.
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Figure A4.1. Scatter plots of candidate predictors for coefficient of
diffuse attenuation Ky at lower NRE MODMON location 160, solid line =
LOESS smooth, dashed line = linear regression line.
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Appendix 5:

Predicting Enhanced Production for the Lower Neuse River Estuary

To quantify the expected enhancement of production by fish and large mobile
crustaceans from creation of an oyster reef, Peterson et al. (2003) divided species into the
following categories: (1) species limited in recruitment by habitat area (termed
recruitment-enhanced); and (2) species limited in production by reef refuges from
predation and available food (growth-enhanced).

They synthesized available empirical, quantitative studies from the southeast USA to
estimate the magnitude of density enhancement for each species of fish and mobile
crustacean on oyster reefs relative to unstructured sedimentary habitat. The synthesis was
based on five studies conducted in the southeastern USA (Zimmerman et al. 1989, Meyer
et al. 1996, Lenihan et al. 1998, 2001, the VIMS studies, and Grabowski 2002). They
calculated the average augmentation of abundance per unit reef area by species and by
age class within species. Published species specific growth and survivorship parameters
were then used to convert the augmented abundance by age class into expected
enhancement of lifetime production for each species.

For each species judged not to be limited in recruitment by reef area, but instead
limited in growth, they used dietary information to calculate an index of reef exclusivity
in feeding so as to credit the oyster reef for only that fraction of growth derived from
reef-associated prey. They then summed these reef-dependent enhancement estimates
across all species to produce the total expected enhancement of fish and crustacean
production per unit reef area. (See Peterson et al. 2003, Fig.1)

Abundances of 13 species (or species groups) of fish and large mobile crustaceans
were judged enhanced by the presence of oyster reef habitat (7 recruitment-enhanced, 6
growth-enhanced). It was finally calculated that 10 m? of restored oyster reef in the
southeast USA is expected to yield an additional 2.6 kg yr™ of production of fish and
large mobile crustaceans for the functional life time of the reef.

For inclusion within our network model, we revisited this data in order to develop an
estimate of the variability associated with that result. Data across the multiple studies
was pooled to produce an annual estimate of augmentation for each species. This
assumption ignores seasonal effects and should be compared to results based on more
disaggregated data, though this is hindered by unavailability of data for some species.
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