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Executive Summary
Along the coast of the U.S. Gulf of Mexico, the eastern 

oyster (Crassostrea virginica) plays important ecological 
and economic roles. Commercial landings from this region 
account for more than 50 percent of all U.S. landings; these 
oyster reefs also provide varied ecosystem services, including 
nursery habitat for many fish and macroinvertebrate species, 
shoreline protection, and water-quality maintenance. Declining 
trends in both total oyster production and functional reef area 
across this region have spurred investment in restoration of 
oyster resources, with specific calls for restoration projects to 
develop a network of reefs and identify broodstock and sanc-
tuary reef restoration sites. Decision making related to restora-
tion and establishment of a network of oyster reefs in the Gulf 
of Mexico requires information on both the environment and 
the effects of the environment on the oyster life cycle (includ-
ing larval movement, survival, oyster recruitment, reproduc-
tion, growth, and mortality). Here, we examined the current 
state of data and model development in this region with the 
goal of providing an overview of oyster modeling approaches 
and an inventory of available data and existing oyster models. 
This report is meant to provide an overview to managers for 
understanding existing efforts and identify a path forward 
to most efficiently inform oyster resource management and 
restoration planning in moving from a single reef management 
approach to a reef network management approach.

Numerous models related to some aspect of the oyster 
life cycle have been built, calibrated, and validated for various 
Gulf of Mexico estuaries over the last few decades (over 
30 models identified). These models, which could inform site 
restoration, can be classified into four approaches: (1) oyster 
Habitat Suitability Index (HSI) models; (2) larval transport 
models; (3) on-reef oyster models that may include oyster 
growth, mortality and reproduction, and substrate persistence; 
and (4) coupled larval transport on-reef metapopulation models 

that simulate the entire oyster life cycle. The data requirements, 
model complexity and assumptions, and transferability vary by 
approach. Specifically, some approaches may offer greater acces-
sibility, flexibility, and transferability spatially or temporally, 
with minimal data input, but only provide broad information to 
support site selection. In contrast, other approaches may require 
significant site-specific data for their construction and validation 
but may provide more accurate and location-specific data to sup-
port site selection for broodstock reefs.

Regardless of modeling approach used, data on 
environmental drivers, such as salinity, water temperature, 
or water flow impacting oyster metabolism and movement, 
are required at appropriate spatial and temporal scales. While 
numerous data collection platforms, environmental models, 
and research products exist within Gulf of Mexico estuar-
ies to provide important environmental data to use as drivers 
in the oyster models, significant variability in temporal and 
spatial coverage of the data, and variation in the availabil-
ity of future condition models, exists across estuaries. This 
variation influences the spatial and temporal scales at which 
oyster models may be developed and impacts the calibration 
and validation of the oyster models within a given estuary, 
affecting its potential ability to address specific management 
or restoration questions.

While multiple modeling approaches exist for informing 
site selection of broodstock or sanctuary oyster reefs, the 
development, calibration, and validation of a single modeling 
platform presents the most efficient, transferable, and useful 
tool for managers across the Gulf of Mexico. The development 
of a single modeling platform would involve using standard-
ized input variables, governing equations, and assumptions 
for the modeled oyster processes and outputs, and for stan-
dardized calibration and validation procedures that could be 
applied within each estuary. The differences among estuary 
applications would require substituting only estuary-specific 
environmental data, and calibrating and validating the model-
ing approach with local oyster data.
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Two modeling approaches likely to be useful include 
(1) development of a general geospatial HSI modeling frame-
work that could be applied consistently across estuaries and (2) a 
mechanistic coupled larval transport on-reef metapopulation 
model requiring only estuarine specific calibration and hydro-
dynamic models. Both approaches benefit from existing work 
across multiple Gulf of Mexico estuaries and could provide 
valuable support for oyster restoration, but may differ in their 
ability to address specific questions related to oyster restora-
tion. HSI models specifically guide restoration practitioners in 
determining suitable habitat based on available data. The HSI 
approach, while currently more widely used and accessible, 
requires more development of larval suitability and larval input 
and output components in order to inform reef connectivity. 
A metapopulation approach considering the full oyster life 
cycle that simulates both on-reef oyster growth, mortality, 
reproduction, substrate persistence, and larval transport (ideally 
with larval growth and mortality) would provide the greatest 
detail and level of understanding but requires significant up-front 
investment. The larval oyster model and on-reef oyster model 
are usually developed independently for systems, although the 
two approaches can be coupled to represent the entire oyster 
life cycle in order to characterize and assess a reef metapopu-
lation. This approach may be less accessible and much more 
data-intensive, however, and it requires some expertise to run 
and apply to inform oyster resource management.

Ultimately, the development of single modeling platforms 
for each of these approaches would provide flexible tools appli-
cable across all Gulf of Mexico oyster supporting estuaries. 
By using a single platform for model development, testing, 
calibrating and validating, and evaluation of modeled future 
scenarios, oyster restoration scientists and managers would not 
only be able to examine different scenario outcomes within a 
single estuary, but could also have comparable modeled results 
to evaluate potential outcomes, across estuaries and regions, 
that are not confounded by varying modeled data inputs, 
governing equations, assumptions, or user judgement.

Introduction
Along the U.S. coast of the Gulf of Mexico, the eastern 

oyster (Crassostrea virginica) plays important ecological and 
economic roles. In 2018, commercial oyster landings from 
the Gulf of Mexico generated an estimated $104 million, 
accounting for more than 50 percent of all U.S. landings 
(NOAA, 2020). Oyster reefs also provide various ecosystem 
services, including but not limited to habitat provision for 
fishes and macroinvertebrates (La Peyre and others, 2019), 
shoreline protection (La Peyre and others, 2015), or denitrifi-
cation (Kellogg and others, 2013), with estimated ecosystem 
services values of over $5,500 per hectare-year (Grabowski 
and others, 2012). However, over 50 percent of native oyster 
populations have been estimated to be functionally lost in the 
region (Beck and others, 2011), and oyster reefs have been 
identified as being vulnerable to future coastal development 

and climate change (Reece and others, 2018). Changes in water 
quality—from direct anthropogenic activities including river 
management, diversions, and oil spills—along with impacts 
from changing climate may impact existing oyster reefs, shift-
ing suitable habitat conditions (Wang and others, 2017) and 
impacting oyster growth, reproduction, and survival.

In response to declines in harvest and critical ecosystem 
services provided by reefs, numerous restoration efforts have 
been implemented. To date, most restoration efforts and 
their assessments have been implemented as isolated, indi-
vidual reef-level projects with mixed success (Kennedy and 
others, 2011; La Peyre and others, 2014); further, these efforts 
often fail to acknowledge that oysters’ long-term sustainability 
depends on reef connectivity through larval transport. As opti-
mal environmental conditions shift across the estuarine gradi-
ent from habitat management and climate change, assessing 
oyster resources and managing for sustainability would benefit 
from a metapopulation approach (Lipcius and others, 2008, 
2015; Puckett and others, 2018). A metapopulation approach 
to oyster reef management explicitly examines how individual 
reefs are connected and maintained through movement of 
oyster larvae between reefs.

Recent planning documents call for the development of a 
network of reefs in the Gulf of Mexico to restore oyster abun-
dance and spawning stock, thereby increasing resilience and 
restoring ecosystem services provided by oyster reef habitats 
(Deepwater Horizon Natural Resource Damage Assessment 
Trustees [DWH NRDA], 2017). Effectively implementing this 
type of restoration program requires targeted site selection 
within and across estuaries. In Atlantic coast estuaries, several 
modeling approaches provide critical tools to identify and 
guide site selection to develop a network of oyster restoration 
sites (Puckett and others, 2018; Theuerkauf and others, 2019). 
Such an approach involves using hydrodynamic, bathymetric, 
bottom type, ecological, particle transport, and oyster biology 
data and models to support decision making.

A first step to implementing this approach in the Gulf 
of Mexico involves identifying critical data and models 
necessary to support site selection and compiling an inventory 
of available data and modeling approaches. With a list of data, 
model needs, and data and model availability, restoration 
practitioners can leverage existing data and models and focus 
on developing and acquiring needed data and models to 
inform restoration efforts. This report has been prepared to 
provide background on data, model needs, and data and model 
availability for Gulf coast oyster restoration planning.

Approach
Restoration of oyster resources that accounts for the 

entire oyster life cycle, connectivity of suitable habitat 
patches, and key driving environmental factors incorporates 
larval movement, recruitment, and on-reef oyster processes 
such as growth, reproduction, and mortality. This approach 
requires data on water-quality, ecological, and physical driv-
ers that control on-reef oyster processes and larval transport, 
thereby connecting reefs (fig. 1).
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Implementing a strategic integrated approach to site 
selection for restoring a network of connected reefs by lever-
aging existing data and models requires (1) understanding 
what data (drivers) are critical to informing the model; 
(2) identifying available data and models within the region 
of interest to support site selection for broodstock reefs; and 
(3) developing connected oyster reefs throughout an estuary 
to ensure sustainability through years with varying environ-
mental conditions. This report provides a synthesis of current 
resources available across the Gulf of Mexico. These goals are 
achieved through two primary tasks.

Task 1: Provide a review of the environmental drivers 
necessary to inform oyster models for site selection—This 
task, presented in the Eastern Oyster (Crassostrea virginica): 
Environmental Drivers section, provides a brief synthesis of 
our knowledge on drivers of eastern oyster growth, reproduc-
tion, mortality, and reef connectivity. The synthesis summarizes 
the current literature and is used to develop a table that lists 
variables representing ecological (for example, predation, 
disease), water-quality (for example, salinity, temperature) 

and physical (for example, water movement, substrate) drivers 
important to informing oyster reef restoration, including siting 
of broodstock sanctuaries and metapopulation planning.

Task 2: Identify data needs and modeling approaches and 
availability across our study area related to oyster modeling, 
ranging from larval transport, to on-reef growth, reproduction, 
and mortality, to reef connectivity—This task, presented in the 
Data, Models, and Approaches (Inventory) section, involved 
searching peer-reviewed and grey literature to identify 
relevant long-term data collection and completed modeling 
work useful to development of oyster life cycle models. This 
work identified both discrete and modeled data of ecologi-
cal, water-quality, and physical variables identified through 
task 1, further indicating geographic availability of these data 
by estuary. Further, a review of modeling approaches related 
to various aspects of oyster growth, survival, reproduction, 
larval movement, and reef connectivity identified four major 
approaches used in the past and identified geographically 
where such models have been calibrated and validated and 
may be available for use.

Water-
quality

parameters

Physical
parameters

Ecological
parameters

Eggs and sperm

Fertilized eggs

Early veliger

Pediveliger

Late veliger

Settled spat

Reproductive adults

Figure 1.  Conceptual model of data and model needs for informing eastern oyster restoration planning 
using a metapopulation approach. Ecological, water-quality, and physical parameters drive oyster growth, 
reproduction, survival, recruitment, and reef development across a network of connected reefs. Oyster spat 
may settle on the same reef as parents but are equally or more likely to settle on other reefs because of larval 
transport.
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Geographic Scope
Across the coastal waters of the U.S. Gulf of Mexico, 

the eastern oyster remains the dominant reef-building 
organism, existing in coastal and estuarine areas that vary 
in morphology and hydroclimatology (Orlando and others, 
1993). The resulting complex geomorphology of this region 
encompasses over 20 estuaries that receive freshwater inflow 
from numerous rivers draining over 80 percent of the coter-
minous United States. Rivers and their inflows vary by orders 
of magnitude, with many impacted by anthropogenic man-
agement. In evaluating many of these estuaries, Orlando and 
others (1993) identified five estuary types ranging from marine 
to more terrestrial impacted estuaries but acknowledged 
that even within these groupings, differences exist in basin 
geomorphology impacting Gulf water exchange, wind, 
and bathymetry, resulting in high variability in salinity, 
nutrients, and functional differences between estuaries. These 
differences in geomorphology result in estuarine-specific 
conditions, impacting oyster reef distribution and oyster 
abundances (fig. 2). Such estuarine-specific characteristics 
likely also include unique circulation patterns, impacting 
reef connectivity via larval transport within each estuary and 
potentially between estuaries. The net effect is that identifying 
areas for oyster restoration and management, as well as 
modeling oyster populations, requires models that are able to 
function across a wide range of conditions.

Eastern Oyster (Crassostrea virginica): 
Environmental Drivers

Eastern oysters are estuarine organisms, with all life 
stages occurring in coastal areas, bays, and estuaries of the 
U.S. Atlantic and Gulf coasts (Patillo and others, 1997). 
With the exception of the beginning of an oyster’s life 
when they are planktonic larvae for 2–3 weeks and disperse 
through the estuary, oysters are sessile once recruited. As 
planktonic larvae, they may be dispersed over distances of 
meters to many kilometers from their parental populations, 
based on a combination of hydrographic processes at mul-
tiple scales, water-quality conditions, and larval behavior 
(Atwood and Grizzle, 2020; North and others, 2008; and 
review in Bayne, 2017). Ultimately, larvae will attach to 
hard substrates where they grow, cement, and build clusters, 
assembling into oyster reefs. Oyster reefs build and maintain 
themselves through the continued growth and mortality of 
recruited oysters, which provide the substrate for continued 
reef existence. A lack of appropriate substrate in suitable 
locations may limit the ability of oysters to build reefs, and 
substrate addition remains a key tool in reef restoration. 
Where substrate exists, oysters grow and create reefs in 
highly variable estuaries with conditions changing over tidal, 
seasonal, and annual timescales, influenced by riverine and 
marine processes and events.

Virtually every aspect of oyster physiology and ecology 
is controlled by temperature, salinity, and food availability 
(Shumway, 1996; Bayne, 2017). Eastern oyster growth typi-
cally occurs between 5 and 34 °C, (Shumway, 1996), with 
recent research suggesting a threshold where feeding is poten-
tially inhibited in the mid-30s (°C) (Kennedy, 1996; Rybovich 
and others, 2016). As models predict increasing numbers of 
days with temperatures above 32 °C per year and increasing 
record high temperatures and duration of heat waves (Keim 
and others, 2011; Biasutti and others, 2012), this threshold 
may become increasingly limiting. Recent models considered 
winter mortality in Gulf of Mexico oyster populations negli-
gible based on extensive field data (Wang and others, 2017). 
Reproduction is highly dependent on water temperature, with 
a reported range of spawning occurring from 15 to 28 °C 
(Bayne, 2017), most spawning occurring at temperatures 
greater than (>) 25 °C in the Gulf of Mexico (Hayes and 
Menzel, 1981), and normal egg development reported between 
18 and 30 °C (Loosanoff, 1965).

In the Gulf of Mexico, where temperatures normally 
exceed 10 °C during most of the year, oysters may spawn 
multiple times throughout the year (Choi and others, 1993, 
1994; Supan and Wilson, 2001). As oysters are broadcast 
spawners, numerous eggs from individual oysters have been 
reported (for example, 115 million eggs; Galtsoff, 1964); 
however, few estimates of larval survival and settlement exist, 
and many larvae are assumed to die prior to settlement through 
predation, inadequate water-quality conditions, or failure to 
find suitable substrate (larval to spat survival rate ~1 × 10−8; 
Wang and others, 2017). Predictions of actual spawning events 
and fecundity remain elusive, as many variables other than 
temperature also control oyster fecundity, including salinity, 
food availability, or disease (Mroch and others, 2012; Mann 
and others, 2014; Marshall and others, 2020).

Eastern oysters and their reefs generally occur at 
salinities from 5 to 40, with tolerance to salinities below 5 and 
above 40 highly dependent on interacting factors such as 
temperature (Shumway, 1996). Optimal salinity is estimated 
to range between 12 and 24 for settled oysters but may be size 
dependent (Shumway, 1996) and is impacted by other factors 
such as temperature (Lowe and others, 2017). At higher water 
temperatures, oyster tolerance to low salinities is reduced 
(Rybovich and others, 2016). In contrast, at lower water 
temperatures (that is, less than [<] 25 °C), oysters can survive 
in salinities less than 3 for periods longer than 3 months (for 
example, Petes and others, 2012; La Peyre and others, 2013; 
Rybovich and others, 2016; Lowe and others, 2017). Optimal 
salinity for eggs and larvae is likely related to the salinity 
at which the adult gonads completed gametogenesis, with 
most larvae tolerating salinities between 5 and 39 (Cast-
agna and Chanley, 1973), though larval growth or survival 
is typically limited at lower salinities (that is, salinity < 10; 
Loosanoff, 1965; Lough, 1975). 

While oyster larvae can be highly dispersive within 
estuaries, suggesting that populations may share genetic 
resources, evidence suggests local adaptations in tolerance 
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among oyster populations (Varney and others, 2009; Burford 
and others, 2014; Eierman and Hare, 2016). For example, 
local adaptation in Gulf of Mexico oyster populations has been 
shown for disease tolerance (Leonhardt and others, 2017) and 
for salinity tolerance, with progeny of oysters from a high-
salinity estuary (that is, annual mean salinity ~35) having less 
tolerance to low salinities than progeny of oysters from a low-
salinity estuary (that is, annual mean salinity ~10; Marshall 
and others, in press). Specific local adaptations may be impor-
tant when seeding reefs with hatchery produced stock, or when 
considering broodstock for aquaculture within estuaries, as 
broodstock may be selected to match local site characteristics 
(Leonhardt and others, 2017). Equally important to consider 
are the impacts of salinity on overall oyster survival and reef 
growth as they relate to localized tolerance(s) to biotic factors, 
namely, disease and predation (that is, ecological tolerance 
[Bayne, 2017]).

In the Gulf of Mexico, the disease dermo, caused by 
the parasite Perkinsus marinus, is more prevalent among 
oysters at higher salinities and temperatures, and can be the 
source of extensive mortality in oyster populations (Craig and 
others, 1989; Soniat, 1996). However, increased freshwater 
inflow (that is, decreased salinity) can regulate the prevalence 
and severity of dermo and maintain nonlethal intensities (La 
Peyre and others, 2003). Similarly, predation is another cause 
of mortality at higher salinities as oyster predators generally 
increase in abundance and biomass with salinity, and lower 
salinities limit their distribution (Wells, 1961). For example, 
the oyster drill (Stramonita haemastoma) and the stone crab 
(Menippe mercenaria) are restricted to salinities above 12–15 
(Menzel and others, 1958; Garton and Stickle, 1980; 
MacKenzie, 1981) where they are capable of decimating local 
oyster populations, particularly the smaller size classes (that 
is, shell height < 50 millimeters).

In addition to temperature and salinity, food provides the 
energy for oyster growth and reproduction to occur, and food 
availability critically informs many oyster models. As filter 
feeders, oysters feed on seston suspended in the water column, 
with most assimilated carbon derived from phytoplankton 
(Haines and Montague, 1979; Langdon and Newell, 1996). 
Oysters may feed selectively based on particle size (for 
example, Jorgensen, 1966; Haven and Morales-Alamo, 1970; 
Riisgård, 1988), shape (Rosa and others, 2013, 2018), and 
food quality (for example, Newell and Jordan, 1983), and may 
also preferentially select phytoplankton species based on cell-
surface biochemical signatures (Ward and Shumway, 2004; 
Pales-Espinosa and others, 2008). Differences in water-quality 
conditions impact phytoplankton communities and may result 
in differences in food availability (quantity and quality of 
organic matter) across estuaries (Bargu and others, 2019; 
Aguilar Marshall and others, in press; Weissberger and 
Glibert, 2021). As a result of selective feeding behavior and 
constantly changing phytoplankton communities within 
estuaries, oyster models focus on the use of proxies for food. 
The concentration of chlorophyll a is the most commonly 
used proxy. This choice is based on early research indicating 

that particulate lipids, carbohydrates, and proteins provide 
a good measure of oyster food availability (Widdows and 
others, 1979), and the demonstrated relationship between 
these lipids, carbohydrates, and proteins, and chlorophyll a 
concentration (Powell and others, 1997). Numerous models 
in the Gulf of Mexico rely on this relationship (for example, 
Dekshenieks and others, 2000), although many other proxies 
have also been explored (for example, phytoplankton carbon 
or density; Bourlès and others, 2009; Ren and Schiel, 2008; 
Bayne, 2017) with data availability often driving the selec-
tion of food proxies. Oyster models in the Gulf of Mexico 
have either assumed food is not limiting (that is, Lavaud and 
others, 2017), used available chlorophyll a concentration data, 
or linked food availability to on-reef oyster density and current 
velocity (that is, Wang and others, 2017); generally, data on 
food quality and quantity specifically linked to oyster growth 
and reproduction remain limited.

Water movement also influences oyster growth or 
survival by regulating food availability (Klinck and others, 
1992; Wang and others, 2017). Determining food availability 
remains complex, as it can be a function of food concentration 
(quantity), food quality, reef density, and filtration rates 
(Wilson-Ormond and others, 1997). Further, Galtsoff (1964) 
suggested that only food passing within a 2-centimeter radius 
of the oyster shell was likely available to the oysters, sug-
gesting only a small portion of the water column and food 
resources are available to the oysters (Wilson-Ormond and 
others, 1997). The interactions of food availability and 
flow, however, make it difficult to identify thresholds. For 
example, low food quantity in high-flow conditions may 
constitute a similar food availability as high food quantity in 
low-flow conditions. Further, filtration, or feeding activity, 
varies by temperature and salinity (Casas and others, 2018), 
and such activity may also be inhibited by higher flow rates, 
with studies suggesting filtration ceases at a threshold of 
~15 centimeters per second (Dame and others, 1989; Grizzle 
and others, 1992).

Beyond salinity, temperature, and food availability, 
other factors that may impact oyster population sustainability 
include sediment accretion, substrate, dissolved oxygen, 
turbidity, and water movement (currents/speed, discussed 
above in relation to food availability). While these factors 
influence oysters throughout their life history and impact reef 
sustainability, their impacts are tightly coupled to the key vari-
ables of temperature, salinity, and food availability; further, 
many of these factors lack data to support estuary-wide 
modeling efforts.

Oyster burial in 40–60 millimeters of sediment can 
result in oyster mortality (Comeau, 2014), with lethal effects 
occurring as a result of complete burial over a 28-day period 
(Colden and Lipcius, 2015). Additionally, even low sedi-
ment accretion rates on the order of a few millimeters per day 
can inhibit spat settlement during the reproductive season 
by making the surfaces unavailable for attachment (Galtsoff, 
1964; Thomsen and McGlathery, 2006). Recent laboratory 
experiments examining impacts of high total suspended 
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sediments (TSS) on oyster metabolism found limited negative 
effects from acute or extended (60-day) periods of exposure 
to TSS levels up to 400 milligrams per liter (mg/L) (La Peyre 
and others, 2020). Estimates of sediment accretion for 
extended periods, or for continued exposure to high sediment 
loads, are lacking.

Similarly, while low dissolved oxygen levels (< 1 mg/L) 
have been indicated as a cause of sublethal stress and (or) 
mortality (Lenihan and Peterson, 1998; Patterson and 
others, 2014), limited field data exist to support extensive 
modeling or response data for oysters, though some studies 
suggest a minimum dissolved oxygen level for oysters 
(> 3 mg/L, Linhoss and others, 2016; >4 mg/L, Patterson and 
others, 2014). While oysters may tolerate short periods of 
low dissolved oxygen levels, this tolerance varies based on 
exposure to other stressors, such as salinity and temperature 
(Stickle and others, 1989).

Changing estuarine conditions impact oyster populations 
and areas suitable for their growth. Such changes may be 
caused by increases in the frequency and (or) magnitude of 
(1) storm events; (2) riverine inflow alterations; (3) abrupt or 
long-term changes in temperature, salinity, food resources; and 
(4) gradient shifts within estuaries. Cyclical events, such as 
the El Niño Southern Oscillation (ENSO) within the Gulf of 
Mexico, impact oyster disease and populations through their 
effects on estuarine salinity (Soniat and others, 2012b), while 
long-term changes in water quality across this region result 
in changing demography and fewer large oysters across the 
region (Powell, 2017).

Informing site selection for oyster restoration and 
identifying suitable areas for broodstock or sanctuary reefs 
(1) require input that accounts for historic, current, and 
predicted changes, and (2) acknowledge the high temporal 
and spatial variation inherent to estuaries. Our current 
understanding of water-quality, ecological, and physical 
drivers controlling on-reef oyster processes, larval movement, 
and survival motivates the inclusion of these critical variables 
in oyster restoration site selection and influences overall 
metapopulation dynamics.

From the literature review, critical variables were 
identified as those used in most models to determine suitable 
and optimal locations for siting broodstock and sanctuary reefs 
in the Gulf of Mexico (table 1). Broodstock reefs are generally 
considered reefs sited in areas expected to be conducive to 
oyster reproduction on a regular basis and are located so that 
they potentially could provide larvae to seed adjacent reefs. 
Sanctuary reefs are considered reefs that might be protected 
from harvest, but they may exist across the full range of loca-
tions conducive to oyster growth over time. For a number of 
variables, such as food availability, larval transport, and reef 
recruitment, the hypotheses related to them can be explicitly 
tested to provide improvements in models. These hypotheses 
include the relationship between food resources, indicators of 
food availability (that is, chlorophyll a concentrations), flow 
rates and food ingestion, and the effects of changing salinity 
and temperature on food availability.

Explicit recognition of the significant upfront investment 
and the decades of research that supported the development of 
species models and linking such models to changes in envi-
ronmental conditions across a spatial framework are critical 
to acknowledge in moving forward with the development 
of additional modeling platforms for the Gulf of Mexico. 
While important for planning and implementation, logistical 
factors were not included as these are unique to each estuary, 
and location often reflects not only geography, but also 
land ownership, policies, and laws. However, similar to the 
variables driving the models on oyster populations and larval 
movement, modeling could be used to explore outcomes and 
impacts of different logistical variables on restoration and 
management options.

Data, Models, and Approaches 
(Inventory)

The restoration and establishment of a network of 
broodstock oyster reefs in the Gulf of Mexico requires 
information on (1) the environment; (2) oyster recruitment, 
growth, mortality, and reproduction; and (3) the interaction 
of the two (fig. 3). Here, we identify environmental data and 
oyster-related models that can inform site selection for moving 
from single-reef management to management of a network of 
connected reefs (metapopulation). The Water-Quality, Ecologi-
cal, and Physical Data section that follows broadly examines 
the availability of environmental data—discrete, modeled, and 
satellite data—that may be useful for model inputs in each of 
the study area estuaries. Next, the Oyster Model Inventory 
section provides an overview of the types of models used to 
examine oyster populations and identify models available 
(calibrated or validated) for each of the study area estuaries. 
These inventories are not meant to be exhaustive and instead 
are focused on data and models that are accessible, which is 
required for their use.

Water-Quality, Ecological, and Physical Data

Numerous data collection platforms, models, and 
research products exist for areas within the Gulf of Mexico, 
and they are often State- or estuary-specific (fig. 4, appendix 1, 
table 1.1). We provide an overview of the availability of 
water-quality, ecological, and physical data collected across 
Gulf of Mexico estuaries, including discrete or modeled data 
used to inform existing oyster models. This list is not meant 
to be exhaustive, nor does it capture data available from 
short-term collection or research projects. Instead, it provides 
an overview of the available data from long-term publicly 
available datasets across these estuaries.

Discrete data, collected by means of continuous data 
recorders or long-term field monitoring programs, provide 
the baseline data critical to informing many oyster models, 
either directly or through their use in informing spatially or 
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temporally interpolated or modelled environmental datasets. 
Most often, these long-term and continuous environmental 
data collections are implemented through State and Federal 
agencies (for example, Gulf of Mexico Alliance Water-Quality 
Team, 2013). While discrete ecological, water-quality, and 
physical data are widely available across Gulf of Mexico estu-
aries, significant variation remains in the spatial and temporal 
scales of these data across the estuaries (figs. 5 and 6).

In some cases, available data may represent one spatial 
location with hourly data collection, and in others, available 
data may represent many locations with monthly data collec-
tion. That is, although we indicate data collection is occurring, 
the quantity and quality of the data may be highly variable. 
For example, figure 7, which compares Calcasieu Lake and 
Barataria Basin in Louisiana, highlights the difference in 
the number of sampling stations and recorders between two 
estuaries in a single State. This variation may reflect differ-
ences in resources or simply differences in basin complexity, 
which could drive the need for more or fewer data points 
to accurately represent a basin. As a result, it is difficult to 
provide general recommendations related to minimum spatial 
or temporal data requirements, as this potentially reflects 
two different monitoring paradigms: fine spatial/temporal 
resolution data over short-term periods of record versus coarse 

spatial/temporal resolution over longer-term periods of record. 
These differences can impact the applicability and type of 
models available, and may also present challenges to ensuring 
units or scales are compatible when trying to couple models 
together (for example, different hydrodynamic and biological 
data). These differences in the spatial and temporal resolution 
of data along with coupling different model types are a central 
challenge to the modeling and management of an oyster meta-
population. As an example, using just the larval oyster stage, 
the interaction between larval transport and condition with 
salinity and temperature ranges estimated from experimental 
data and provided by fine-scale hydrodynamic model data over 
a network of reefs within the few-square-kilometer scale of an 
estuary differs compared to how monthly or averaged summer 
temperature and salinity data collected over many years at 
numerous monitoring stations are determined to affect spat 
sets for an entire estuary.

Numerous 2D (two-dimensional in x, y space) and 3D 
(vertical layers or representation added for x, y, z dimension) 
hydrologic or hydrodynamic, water-quality, and (or) 
circulation models can also provide modeled “data” for inputs 
to oyster models (figs. 5 and 6), but with greater spatial and 
temporal coverage than discrete data. However, the calibration 
and validation of these numerical models vary based on the 
availability of discrete data (temporal and spatial coverage) 

Larval drivers:
Salinity
Water temperature

Bottom type/substrate
Oyster beds/cultch
Current velocities

On-reef drivers:
Salinity
Water temperature
Dissolved oxygen
Food availability/chlorophyll a

Disease
Predators

Current velocities
Water depth

Eggs and sperm

Fertilized eggs

Early veliger

Pediveliger

Late veliger

Settled spat

Reproductive adults

Larval 
oysters

On-reef 
oysters

Oyster life cycle

Oyster suitability

Figure 3.  The oyster life cycle, on reef drivers, and larval drivers. The oyster life cycle consists of a short pelagic stage before 
settling in one location for life. Growth, reproduction, and survival are impacted by water-quality (salinity, water temperature, 
dissolved oxygen, and food availability), ecological (disease and predators), and physical drivers (current velocities, water depth, 
and oyster beds/cultch) of the substrate and overlying water column. Oyster spat may settle on the same reef as parents but are 
equally or more likely to settle on other reefs because of larval transport.

http://www.gulfofmexicoalliance.org/files/projects/files/goma_gulf_monitoring_white_paper.pdf
http://www.gulfofmexicoalliance.org/files/projects/files/goma_gulf_monitoring_white_paper.pdf
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within the region of interest. In order to demonstrate that these 
models are fairly ubiquitous, although not always publicly 
available, we provide a nonexhaustive list of numerical 2D 
and 3D models by estuary (appendix 2, table 2.1). This list 
largely includes those models coupled to oyster models identi-
fied in the Oyster Model Inventory section, along with some 
examples published in the literature since 2010. In addition, 
numerous generic, 3D hydrodynamic models are available 
for application to coastal oceans and estuaries. These include, 
but are not limited to, the Princeton Ocean Model (POM; 
Blumberg and Mellor, 1987), the semi-implicit Estuarine and 
Coastal Ocean Model (ECOM; Blumberg and Mellor, 1987), 
the Finite Volume Community Ocean Model (FVCOM), and 
the Regional Ocean Model System (ROMS; Haidvogel and 
others, 2000).

In addition to models already used in oyster-specific 
modelling, water resource and ecological restoration projects 
have multiple 2D and 3D numerical models available for 
evaluation of water flow, salinity, turbidity, nutrients, and chlo-
rophyll a in the Gulf of Mexico estuaries. Examples of such 
models include the Adaptive Hydrodynamics Model (AdH), 
the Delft modeling platform, Environmental Fluid Dynam-
ics Code (EFDC), South Florida Water Management Model 
(SFWMM), and Water Quality Analysis Simulation Program 
(WASP). These models are often developed by engineering 
firms in partnership with State and Federal agencies for use in 
environmental assessments and impact statements to support 
litigation and evaluate operational scenarios from reservoirs 
and lakes, levee projects, Mississippi River diversions, and 
coastal restoration projects. For example, 2D and 3D numeri-
cal modeling of rivers, lakes, and coastal areas using 3D 
EFDC hydrodynamic and water-quality models of Caloosa-
hatchee River Estuary, Apalachicola Bay, Suwannee River 
Estuary, and Perdido Bay in Florida have been developed and 
used for alternatives analyses and for litigation support (for 
example, Bales and others, 2006; and DSLLC, 2007, 2008, 
2009).

Coastal engineering firms that develop similar hydrody-
namic and water-quality models are located throughout Gulf 
of Mexico coastal States; however, the model source codes 
or executable versions used in previous studies likely vary in 
availability, as many of these models are considered propri-
etary and thus not publicly available. In such cases, the authors 
of the modeling report or the supporting agency should be 
contacted to request the modeled results from the study or to 
inquire about whether the model program version and data 
files are available to run the model for oyster model inputs 
and drivers. This will be the case with most of the modeled 
data available for the estuaries (for example, table 2.1). The 
model source code and either the modeled data or the model 
executable versions and input files needed to run the models 
will have to be requested from the model developers or the 
agencies that supported the respective works. If there is inter-
est in obtaining specific modeled data for certain estuaries as 
inputs to oyster models designed for identifying broodstock 
or sanctuary reef sites and metapopulation dynamics, then it is 

important to understand the extent to which the hydrodynamic 
model has been calibrated and validated for the system, if at 
all, in order to understand the level of accuracy and uncer-
tainty in the modeled physical and water-quality data, and 
how these modeled environmental data inputs can affect the 
coupled oyster models.

More recently, in some regions, satellite derived data 
have become increasingly accessible for extrapolating key 
water-quality parameters, such as temperature, salinity, turbid-
ity, and chlorophyll a, through platforms such as Google Earth 
Engine. Use of these data can sometimes be complicated for 
inshore and estuarine areas, and for areas with large river 
inputs, data extraction performs more poorly where coastal 
processes dominate (because of high chlorophyll a and sedi-
ment resuspension).

Summary—
•	 Continuous data recorders, long-term monitoring 

programs, and hydrologic, hydrodynamic, and 
water-quality models creating modeled “data” provide 
a range of available data to use as drivers in oyster 
models for Gulf of Mexico estuaries.

•	 Many parameters are available across the majority of 
the estuaries of interest; significant variability exists in 
the temporal and spatial coverage of the data, which 
may impact the ability of oyster models to provide 
outputs at appropriate spatial or temporal scales for 
management purposes, or may result in ecological, 
water-quality, or physical data inputs with limited 
calibration or validation.

•	 Coordinated, spatially distributed continuous data 
recorders and long-term monitoring programs to col-
lect water-quality, ecological, and physical data across 
the region would inform models useful for site selec-
tion for restoration of a network of reefs.

Oyster Model Inventory

Over the last few decades, numerous models designed 
to help inform the management and restoration of oyster 
resources have been developed across the range of the eastern 
oyster. Here, we provide results from a literature review of 
eastern oyster modeling, including peer reviewed and grey lit-
erature, and summarize model details (appendix 3, table 3.1). 
The oyster models have been classified into four approaches 
for evaluating oyster resources in the Gulf of Mexico: (1) oys-
ter Habitat Suitability Index (HSI) models; (2) larval transport 
models; (3) on-reef oyster models that may include oyster 
growth, mortality, and reproduction; and (4) coupled larval 
transport and on-reef metapopulation models that simulate the 
entire oyster life cycle (table 3.1, fig. 8).

The data types and resolution needed for each modeling 
approach, construction, calibration, and validation differ. A 
metapopulation modeling approach simulates the entire oyster 
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life cycle, accounting for the on-reef oyster growth, mortality, 
and reproduction to estimate oyster density and (or) biomass, 
size distribution, and spawning; and larval transport (with 
behavior and sometimes with growth and mortality) to output 
recruitment or spat settlement on reefs (fig. 8).

The primary water-quality drivers affecting on-reef oyster 
processes are salinity and temperature, with dissolved oxygen 
and food availability being secondary in importance. The eco-
logical drivers of oyster mortality are predation and disease, 
and these are often implicitly accounted for in the salinity and 
temperature effects. Current velocities and water depth are 
physical drivers affecting the reefs (fig. 8). The list of models 
in table 3.1 covers most, but not necessarily all, studies for the 
Gulf of Mexico that were publicly available in journals, books, 
and technical reports. A small portion of the listed models are 
in progress or were supplied by the agencies as draft reports 
(for example, Lindquist and others, 2021); there are likely 
other unpublished and ongoing works that we were not aware 
of at the time of this report; however, the listed examples in 

table 3.1 cover the full list of model inputs, outputs, processes, 
and spatial and temporal considerations that are common 
across modeling studies. Spatially explicit frameworks for all 
four oyster modeling approaches have been applied, either by 
creating and integrating GIS spatial data layers or by cou-
pling 2D and 3D hydrodynamic and water-quality models, for 
evaluation of the spatiotemporal drivers and effects of chang-
ing conditions on oyster resources. Figure 9 demonstrates 
which of the four modeling approaches have been developed, 
calibrated, and (or) validated for the Gulf of Mexico estuaries.

Here, we discuss how applicable or transferable each 
of the four modeling approaches are toward siting oyster 
broodstock reefs across Gulf of Mexico estuaries based on 
the literature, expert opinion of the data availability, the cur-
rent state of knowledge of oyster thresholds and responses to 
environmental conditions, and the accessibility and ease of use 
of the modeling software or programs. The data requirements, 
model complexity and assumptions, and transferability vary 
by approach. The tradeoffs related to data availability, model 

Oyster suitability

Larval drivers:
Salinity
Water temperature

Bottom type/substrate
Oyster beds/cultch
Current velocities

On-reef drivers:
Salinity
Water temperature
Dissolved oxygen
Food availability/chlorophyll a

Disease
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Water depth
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Oyster life cycle
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Figure 8.  Drivers and outputs of models capturing larval transport, on-reef population dynamics, and metapopulation models 
that simulate the entire oyster life cycle, coupling larval and on-reef population dynamics models. Oyster suitability models can 
encompass any part of the entire oyster life cycle to account for various oyster life stage processes and the interaction with 
drivers to output oyster habitat suitability. This figure identifies the most commonly used water-quality (salinity, water temperature, 
dissolved oxygen, and food availability), ecological (disease and predation) and physical drivers (current velocity, water depth, and 
oyster bed/cultch) for these four modeling approaches, and identifies common model outputs. Oyster spat may settle on the same 
reef as parents but are equally or more likely to settle on other reefs because of larval transport.
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complexity, and flexibility or transferability impact selection 
of a modeling approach. Specifically, some approaches may 
offer greater accessibility, flexibility, and transferability 
spatially or temporally, with minimal data input, but could 
only provide broad information to support site selection. In 
contrast, other approaches may require significant site-specific 
data for their construction and validation but may provide 
more accurate and location-specific data to support site 
selection for broodstock reefs.

Approach 1: Geospatial Habitat Suitability Index

Oyster suitability models usually encompass the entire 
oyster life cycle to describe suitable oyster habitat based on 
the water-quality, ecological, and physical drivers (fig. 8), 
but the effects on oyster life stage processes are implicitly 
accounted for within simplified habitat suitability functions or 
indices. The HSI model is the most widely applied modeling 
approach for oyster restoration planning across Gulf of 
Mexico estuaries and coastal regions (fig. 10). HSI modeling 
is a simplified and highly flexible approach widely used by 
resource agencies (for example, USFWS, 1981; Brooks, 1997; 
Roloff and Kernohan, 1999; Lindquist and others, 2021) for 
evaluating how water resource and ecological restoration 
projects affect habitat suitability for a species. HSI models 
describe the suitability or capacity of a given area or region 
to support a species based on multiple overlapping physical 
and water-quality parameters within the given area. Numerous 
HSI models have been built and are currently used by restora-
tion and management agencies, as the models can be applied 
across different spatial scales, have inputs that can occur 
across different temporal scales, and include predicted impacts 
of proposed activities.

Each component Suitability Index (SI) within an HSI 
model describes the suitability (typically between 0 and 1, 
where 0 is defined as uninhabitable and 1 is defined as opti-
mum habitat) for supporting the species as a function of the 
input variables, and then the overall HSI score is calculated as 
the geometric mean of the number (n) of SIi included within 
the overall equation as

	
1

1( )n n
i iHSI SI== ∏ .	 (1)

The common independent variables for determining 
oyster suitability were originally formulated by Cake (1983) 
and first field tested in Galveston Bay by Soniat and Brody 
(1988). For most of the HSI models listed in the oyster model 
inventory, the SI relationships originally described by Cake 
(1983) and Soniat and Brody (1988) are either used directly 
or have been modified to describe the local patterns in oysters 
and environmental conditions (see “Model input variables” 
column, table 3.1). The SI variables commonly included in the 
Gulf of Mexico HSI models are the area of hard substrate to 
capture potential areas for spat settlement and available reef 

areas, and the monthly, annual, and historical salinity means 
and minimums to capture conditions necessary for oyster 
survival, growth, and reproduction. Other SI relationships that 
have been developed and used in HSI models include those 
for the following: bottom dissolved oxygen (DO), turbidity, 
or TSS concentration, which can affect oyster filtration; water 
depth, which is also used as a proxy for bottom DO; frequency 
of high river flow or killing flood events within a given year; 
substrate types that permit or preclude larval settlement; and 
monthly sediment accretion rates that can preclude larval 
settlement and depress oyster feeding (table 3.1; fig. 10; for 
example, see Battista, 1999; Barnes and others, 2007; Starke 
and others, 2011; Linhoss and others, 2016; Lindquist and 
others, 2021). The lack of inclusion of these parameters in 
many of the HSI models is due to the limited availability of 
water-quality data.

Other data, including ecological data, and logistical 
variables have been incorporated into HSI models. For 
example, Beseres Pollack and others (2012) incorporated SI 
functions for dermo infection or the prevalence of Perkinsus 
marinus affecting oyster mortality in Texas estuaries. Puck-
ett and others (2018) and Theuerkauf and others (2019) HSI 
models for a North Carolina estuary incorporated an extensive 
list of 17 environmental, biological, and logistical SI variables 
to be used in their oyster reef restoration programs, which 
were derived from stakeholder meetings. Their list of logisti-
cal variables includes factors such as proximity to the material 
stockpile site and nearest boat ramp.

HSI models have been developed, calibrated (Beseres 
Pollack and others, 2012; Swannack and others, 2014), and 
validated by comparing projected oyster HSIs to spatial 
oyster density data collected over reefs (Theuerkauf and 
Lipcius, 2016; Puckett and others, 2018; Reisinger and others, 
2020) for use in oyster reef restoration planning and evalua-
tion. These geospatial HSIs have been developed using GIS 
software to create spatial layers of summarized environmen-
tal data for time periods important to oyster life history (for 
example, spawning salinity, mean annual salinity). The envi-
ronmental data used for creating the GIS input layers include 
spatially interpolated point data from water-quality monitoring 
and bottom surveys by agencies such as NOAA and the Texas 
Parks and Wildlife Department (TPWD), satellite data, and 
data generated from 2D and 3D hydrodynamic and water-
quality models available for the regions (see “Timeframe and 
sources for input data in modeling study” column in table 
3.1, and tables 1.1 and 2.1). The geospatial approach involves 
outputting the SI score for each environmental variable layer, 
as well as an estimate of the overall HSI, for each grid cell 
within the GIS map, to produce the spatial oyster suitability 
scores from 0 to 1 over the time period(s) represented by the 
data layers. Nearly all of the geospatial HSI studies listed in 
table 3.1 performed sensitivity analysis of the input parameters 
to determine which of the environmental variables the oyster 
HSI is most sensitive and least sensitive to in the system 
(Beseres Pollack and others, 2012; Swannack and others, 
2014; Puckett and others, 2018, Theuerkauf and others, 2019). 
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One developing approach, different than the static geospatial 
grid most commonly used, follows a Lagrangian methodol-
ogy whereby a larval oyster HSI is computed according to the 
cumulative exposure to salinity and temperature gradients in 
space over time. This larval suitability score provides an esti-
mate of larval oyster condition from spawning to settlement 
(Milroy and others, 2020a, b, c; see “Larval Transport 
Modeling” section below; table 3.1).

The geospatial HSI models are also referred to as the 
Oyster Suitability Index (OSI) models or the Reef Suitability 
Index (RSI) models in the listed studies. This modeling 
approach has also been used to quantify and model reef qual-
ity and ecosystem services. For example, Beseres Pollack and 
others (2012) developed the Reef Quality Index (RQI), which 
used oyster monitoring data from TPWD to evaluate and com-
pare the current health or quality of existing reefs for Mission-
Aransas Estuary in Texas. Theuerkauf and others (2019) 
created the Ecosystem Service (ES) index for Pamlico Sound, 
North Carolina, by building off of the oyster HSI for the same 
region (Puckett and others, 2018), to determine where water 
filtration services could be enhanced within the sound by 
incorporating data on chlorophyll a, water flow, and DO.

Summary—
•	 HSI models describe the suitability of a location to 

support oysters based on environmental data and  
oyster tolerance and thresholds to specific physical  
and water-quality parameters.

•	 Cake (1983) provided the first framework for 
development and use of this approach; since then, 
numerous HSIs have been built and are used to  
assess management and restoration actions.

•	 HSIs are widely available, flexible tools for 
determining optimal oyster habitat for restoration,  
can be rapidly developed, and are easy to integrate  
into GIS products.

•	 HSIs provide only broad suitability functions based  
on limiting sensitivity to changing environmental 
conditions, do not deal with complex environmental 
interactions, and would benefit from investment in 
examining larval suitability to estimate larval survival 
and inform reef recruitment.

Approach 2: Larval Transport Modeling
Larval transport models describe larval transport, 

dispersal, and recruitment to settlement (fig. 8). These models 
are primarily driven by current velocities and incorporate 
larval movement behavior, and in some instances, models of 
larval growth and mortality in response to salinity and water 
temperature. Larval transport modeling provides information 
to support site selection related to potential connections of 
oyster populations or individual reefs. As our understanding of 
oyster metapopulations and genetics increases, understanding 

the movement of larval resources and connectivity of oyster 
reefs remains important. For a reef to serve as a broodstock 
reef, it must provide larval resources to other reefs. This 
entails ensuring a reef or potential reef site supports a repro-
ductive population (that is, a source reef), and ensuring that 
any oysters spawning on the reef provide resources to outside 
reefs or proposed reef locations (that is, sink reefs). Larval 
transport modeling examines the second part of this require-
ment. Larval transport models remain limited (fig. 11), as they 
are difficult to validate and are intrinsically dependent on the 
state of existing fine-scale hydrodynamic models and their 
ability to resolve particle transport for the area of interest. 
Such models require a better understanding of larval move-
ment, tolerances to water-quality conditions, and vulnerability 
to predation.

Oyster larval transport modeling is based on the 
particle-tracking module of a hydrodynamic or estuarine cir-
culation model, with the addition of larval vertical migration 
behavior to help the larval particle maintain or change its 
position in the water column. Larval transport models simulate 
physical transport at relatively fine spatial resolution using the 
current velocities and directions generated by the hydrody-
namic models at very short time steps (for example, hydro-
dynamic models often run on the order of 15–30 seconds). 
Larval growth and survival as a function of salinity, tempera-
ture, turbidity, and predation mortality have been added as 
biological components to the individual particles (for example, 
Dekshenieks and others, 1993, 1996, 1997, 2000; Puckett and 
others, 2014), and have been included in some form in other 
oyster larval transport models (for example, Kim and others, 
2010, 2013; Arnold and others, 2017; Milroy and others, 
2020a, b, c). The size classes of larvae in the model have dif-
ferent survival rates, primarily determined by predation mor-
tality pressure at different salinities and (or) depths. Deksh-
enieks and others (2000) provides the most complete example, 
and includes larval growth and size- and depth-dependent 
behavior based on predation mortality in the larval transport 
modeling component of their full life cycle metapopulation 
approach for Galveston Bay (see “Metapopulation Models” in 
table 3.1, fig. 11).

Larval transport models start with the simulated release 
of many larval particles from single to several initial loca-
tions within the model domain. Initial location and day of 
release are recorded for each particle. There can be multiple 
release dates for locations, depending on the length of the 
simulation. Larval particle positions are generally tracked, on 
the time scale of minutes, over 20 to 60-day simulations that 
cover the oyster spawning periods and simulated seasonal 
currents and conditions. Daily larval particle position and age 
(in days), and sometimes size (for example, Dekshenieks and 
others, 2000), are tracked until successful settlement on suit-
able substrate occurs, or else the particle fails to successfully 
settle on the defined suitable substrate. A particle may fail to 
settle and die if larval particles are flushed out of the system 
by currents, or else fail to be transported to defined areas 
with hard substrate within the larval stage duration (typically 
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about 21 days). Processed larval transport model outputs from 
a simulation include mean age at settlement, percentage of 
successful recruitment based on release date and natal reef site 
(initial location), and connectivity matrices that describe the 
proportions released and settled among the multiple reefs.

Difficulties with measuring larval survival and dispersal 
in the field impede validating predictions, including dispersal 
paths, distances, settlement distribution, and percentage of 
successful recruitment. In reality, these difficulties in field 
measurements are what led to the development of biophysical 
models (Metaxas and Saunders, 2009). Regardless of these 
difficulties, the use of these models to predict larval transport 
or assess oyster population connectivity are increasingly called 
for in support of oyster management (table 3.1, fig. 11); the 
development of better tools to build datasets enabling model 
validation would help ensure larval transport models accu-
rately reflect larval condition and transport. One such work 
in progress that may help improve current understanding of 
larval condition and dispersal paths is that by Milroy and 
others, 2020a, b, c (table 3.1), which involves determining 
larval oyster habitat suitability within the water column for 
coastal drifters, as they indicate potential passive transport and 
dispersal pathways in coastal waters.

One of the most well documented oyster larval transport 
models was developed for the Chesapeake Bay and has been 
used in the development of other larval transport models 
(North and others, 2008). This estuary-wide oyster larval 
transport model linked the Regional Ocean Modeling System 
(ROMS) hydrodynamic model, a particle-tracking model with 
larval behavior (LTRANS), and a settlement submodel identi-
fying suitable substrate bottoms. Oyster larvae movement was 
tracked over 14–21 days and predicted final reef settlement 
locations. The substrate submodel determined whether suitable 
substrate existed at the final settlement location. Differences 
in larval growth or predation mortality were not considered, 
but larval particles died and were removed from the model if 
they failed to encounter suitable habitat within the 14–21-day 
larval period.

Five biophysical models described in recent literature 
are used to evaluate oyster larval retention, dispersal, and 
settlement among existing reef networks within estuaries of 
the Gulf of Mexico (table 3.1, fig. 11). These include a report 
prepared for the Deepwater Horizon NRDA Oyster Technical 
Work Group (Murray and others, 2015), and ongoing works 
by Cambazoglu and others (2020a, b, c, d) in the Mississippi 
Sound and Bight, summarized by the Gulf of Mexico Research 
Initiative GRIIDC site (for further reading, see https://data.
gulfresearchinitiative.org/). Aside from those two technical 
reports, Kim and others (2010) and Arnold and others (2017) 
describe their respective biophysical models of Mobile Bay 
and eastern Mississippi Sound, and the Pensacola Bay System 
in Florida. Kim and others (2010), Murray and others (2015), 
and Arnold and others (2017) provide larval transport studies 
that include validation with field data for larval concentra-
tions; Kim and others (2010) and Arnold and others (2017) 
further include spat settlement, larval growth, and mortality. 
Kim and others (2010) simulated larval transport by tracking 

larval concentrations within an EFDC hydrodynamic and 
eutrophication model over 215 days from April through 
November 2006 (Kim and others, 2010, Kim and Park, 2012). 
This model was used to determine if spawning locations and 
physical conditions affected transport and retention in Mobile 
Bay (Kim and others, 2013). This model was further used to 
assess the impacts of a proposed closure of a cut in a barrier 
island on oyster survival and larval retention in the bay (Park 
and others, 2014). Arnold and others (2017) used a coupled 
biophysical model of the Pensacola Bay System based on 
water currents generated from the Estuarine Coastal Ocean 
Model (ECOM) to drive larval transport over 20-day simula-
tions from May 2007 through July 2008. Arnold and others 
2017 used the model to hindcast larval dispersal patterns and 
settlement data collected among existing reef stations during 
four discrete 20-day events across different years.

Implementing larval transport models across Gulf of 
Mexico estuaries requires significant investment in field 
validation of the models by collecting larval concentrations, 
spat settlement and estimating larval survival. These field data 
are difficult to collect and interpret, and are often only used 
to try to validate larval transport modeling. For example, the 
larval oyster HSI model in progress (see Milroy and others, 
2020a, b, c, in table 3.1) used modeled coastal drifter tracks 
to represent passive larval oyster transport coupled to salin-
ity and temperature fields generated by the Coupled-Ocean-
Atmosphere-Wave-Sediment Transport (COAWST) model 
(Cambazoglu and others, 2020a, b, c, d). The larval oyster HSI 
model was then validated with ground-truthed water-quality 
data for the Mississippi Sound region to estimate oyster suit-
ability scores along the tracks, providing an idea of whether 
oyster larvae could survive. The use of actual or modeled 
coastal drifters (Cambazoglu and others, 2020a, b, c, d) for 
validating transport and trajectories, along with more targeted 
field monitoring of larval oyster concentrations and spat set, 
are required for model validation. Additionally, an improved 
understanding of oyster fecundity (Hofmann and others, 1994) 
and better monitoring of oyster reproductive events related to 
water-quality changes on daily time-scales are required.

Summary—
•	 Oyster larval transport models combine hydrodynamics 

and larval movement and survival to explore potential 
connections between existing (or planned) oyster reefs.

•	 Several existing larval transport models described by 
North and others (2008), Kim and others (2010, 2013), 
and Arnold and others (2017) provide well documented 
modeling designs and studies to build on.

•	 Knowledge about oyster larval transport is essential 
both to understand reef connectivity across a network 
of reefs and to support the expansion of management 
beyond single reefs to a network of reefs.

•	 The lack of understanding about larval behavior, 
growth, and survival under a range of conditions, and 
availability of fine-scale hydrodynamic models with 
particle transport limit the availability and develop-
ment of larval models.

https://data.gulfresearchinitiative.org/
https://data.gulfresearchinitiative.org/
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Approach 3: On-Reef Oyster Growth, Mortality, 
and Reproduction Modeling

On-reef models represent and evaluate on-reef oyster 
population vital rates or processes such as filtration, growth, 
mortality, and reproduction with changing environmental 
and biological drivers (fig. 8). The approaches commonly 
used are (1) a mechanistic, bioenergetics methodology using 
dynamic energy budget (DEB) theory, and (2) size-structured 
population modeling to describe filtration, growth, mortality, 
and reproduction for the oyster size classes. Several such 
models have been developed, calibrated and (or) validated 
for some Gulf of Mexico estuaries (fig. 12). These models 
critically inform oyster reef development, relying on our 
understanding of settled oyster responses to environmental 
conditions, but lack information linking adult populations to 
new recruits. More recently, based on the recognized need for 
oyster reefs to maintain their own substrate over time (which 
is based on recruitment, growth, and mortality providing new 
shell and substrate), models that incorporate reef persistence 
have been developed and include a shell budget model (SBM; 
Soniat and others, 2012a, 2014) and an individual based 
model (IBM) using a coupled DEB model with a shell budget 
model to simulate 3D oyster reef structural mechanics, and 
individual density, biomass, and maintenance (Yurek and 
others, 2021).

The mechanistic, bioenergetics approach used is based on 
the DEB model created for the eastern oyster in the northern 
Gulf of Mexico (Lavaud and others, 2017). This approach 
simulates daily energy densities and flux rates using bioener-
getics-based filtration, assimilation, and respiration rates for 
somatic and reproductive growth of an oyster individual over a 
given year. Lavaud and others (2017) used daily temperature, 
food availability, and salinity as forcing variables on oyster 
filtration and respiration rates to project daily growth and 
reproduction over a given year. The authors calibrated oyster 
shell height, tissue, and gonadal dry weight with two reef 
sites in Louisiana, and then validated oyster shell height and 
dry weights for six reef sites across the Gulf of Mexico. This 
mechanistic, bioenergetics approach could be particularly 
useful in evaluating how changing environmental condi-
tions would affect the spatial distribution of oyster growth 
on reefs (Lavaud and others, 2021). In Canada, Filgueira and 
others (2014) used a DEB for oyster growth coupled with a 
nutrient-phytoplankton-zooplankton-detritus (NPZD) model 
driven by temperature, current velocities, and water depth 
from a hydrodynamic model. This model was used to evaluate 
oyster-phytoplankton interactions and oyster carrying capacity 
for three areas across an estuary. The coupled models were 
used to explore the growth of oysters to variation in environ-
mental conditions and stocking scenarios for the reefs. This 
coupled bioenergetics-NPZD modeling approach is an exam-
ple that demonstrates how the outputs from hydrodynamic/
water-quality models could be used as inputs into a DEB 
model to generate predicted changes in oyster growth among 
different reefs.

The earliest models involve modeling oyster reefs using 
size-structured population models to describe filtration, 
growth, mortality, and reproduction for the oyster size classes 
(that is, Powell and others, 1992, 1995, 1996, 1997, and Hof-
mann and others, 1992, 1994). The original models, developed 
in the 1990s for Galveston Bay, were size-structured oyster 
reef population models comprising 11 size classes to simulate 
daily changes in oyster biomass and size structure caused 
by daily variation in salinity, temperature, food availability 
(chlorophyll a), current velocities, water depth, and turbidity 
affecting oyster filtration, respiration, somatic growth, repro-
duction, and mortality (mortality caused by weather extremes, 
and implied Perkinsus marinus and predation mortality). The 
size-structured reef population is a single point model that 
was later applied to simulate multiple reef population point 
models within a hydrodynamic model grid of Galveston Bay. 
Although no formal calibration or validation of the reef popu-
lation models were noted in the publications, the initial oyster 
densities and size distributions were set from field study data 
collected on the Galveston Bay reefs.

More recently, Wang and others (2017) used a 
size-structured oyster reef population approach to examine 
impacts of changes in freshwater flow and relative sea level 
on weekly and annual oyster reef growth across Breton 
Sound, Louisiana. This model was modified from the original 
oyster model developed through the Powell and Hofman stud-
ies in Galveston Bay (Powell and others, 1992, 1995, 1996, 
1997, and Hofmann and others, 1992, 1994), and previously 
applied to Apalachicola Bay (Wang and others, 2008). The 
model simulates key growth processes (for example, inges-
tion, assimilation, respiration), mortality, and reproduction, 
and was coupled with the three-dimensional Delft FLOW 
(D-FLOW) and Delft water-quality (D-WAQ) models to 
examine the spatiotemporal effects of changes in freshwa-
ter flow, sea level, temperature, salinity, turbidity, and food 
availability on spat, seed, and sack size classes. The simula-
tions demonstrated how oyster reef production changed in 
magnitude and shifted throughout Breton Sound based on the 
combinations of low and high sea level rise and freshwater 
diversion flows.

Soniat and others (2012a, 2014) developed a shell budget 
model (SBM) focusing on overall reef sustainability with a 
benchmark goal of ensuring no net loss of shell within restored 
or harvested reefs. This work derives from discussions related 
to goals of maintaining oyster abundance and shell to ensure 
reef sustainability (for example, Mann and Powell, 2007; 
Klinck and others, 2002; Powell and others, 2009; Powell 
and others, 2012). The SBM emphasizes the sustainability of 
substrate as the most economically advantageous goal within 
the Gulf of Mexico and its high intra-annual variation, which 
precludes the use of standard biological reference points and 
highlights that substrate maintenance is a function of both oys-
ter abundance, growth, mortality, and shell loss that can vary 
between years. The SBM provides a numerical model that uses 
annual stock assessments of oyster density and size inputs, and 
simulates oyster growth and mortality and natural shell loss to 
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determine the sustainability of individual reefs. Model outputs 
include changes in oyster density, shell density, and reef mass, 
with the goal of providing guidance to limit negative shell 
balances, particularly on harvested reefs. Further exploration 
of this topic would be useful in ensuring restoration or har-
vest reefs are sustainable through natural and anthropogenic 
induced variation.

Yurek and others (2021) developed an individual-based 
model (IBM) of oyster reef mechanics that simulates oyster 
reef-building dynamics. The model tracks the life cycles 
of individual oysters (somatic tissue, gonad, and shell), the 
half-lives of the shell valves, and the accumulation of shell 
matter to simulate the development and persistence of a 
three-dimensional reef. This model was run on a daily time 
step over a 22-year period. Individual and reef dynamics 
responded to salinity, temperature, food availability, predators, 
and burial. The integrated model includes the oyster popu-
lation (growth, reproduction, and mortality) and substrate 
dynamics (accumulation and degradation), which combine 
to determine reef morphology and structure. This approach 
integrates on-reef DEB with a shell budget model (SBM) 
approach, presenting a modeling approach that incorporates 
both substrate persistence and growth with oyster dynamics 
on-reef, lacking only a larval transport component.

Robust and flexible on-reef models that estimate oyster 
growth, survival, and reproduction remain necessary tools 
for informing the site selection of broodstock reefs. The DEB 
and IBM reef modeling approaches provide a key component 
necessary to inform planning but have different data require-
ments, and both could have a substrate component integrated 
within them to include reef persistence. The mechanistic, 
bioenergetics approach is highly flexible, being adaptable 
to different conditions and populations as demonstrated by 
Lavaud and others (2021), and it can be integrated into reef 
or population level models (that is, Yurek and others, 2021). 
The size-structured reef population approach provides predic-
tive outcomes to inform planning and management of oyster 
broodstock reefs where long-term field sampling data exist―
including oyster density, growth, and survival―for initial 
setup, calibration, and validation. This modeling approach 
has been adapted, calibrated, and published for three Gulf 
of Mexico estuaries to date (table 3.1, fig. 12). Although the 
size-structured population models rely on significant, local, 
field-collected data on oyster densities, growth, and survival 
for model setup calibration and validation, the previous 
modeling studies have shown such models are capable of 
capturing existing oyster reef production and predicting shifts 
of more productive regions within the estuary toward oyster 
restoration (for example, Dekshenieks and others, 2000; Wang 
and others, 2008, 2017).

Summary—
•	 On-reef oyster growth, mortality, and reproduction 

modeling uses oyster vital rates and processes to 
predict individual on-reef oyster or reef trajectories 
through time.

•	 Two on-reef model frameworks have been calibrated 
and validated for Gulf of Mexico estuaries and are 
described as (1) a mechanistic, bioenergetics approach, 
and (2) a size-structured reef population approach.

•	 The on-reef modeling approach provides predictive 
outcomes that can be scaled to individual oyster, popu-
lation, or reef levels, and used to inform planning and 
management of oyster reefs. Integration of an SBM 
into metapopulation or on-reef models will provide 
critical information about the potential persistence of 
individual reef patches through time.

•	 Validation and calibration rely on local field-collected 
data on oyster densities, growth, survival, and recruit-
ment; the previous modeling studies have shown 
on-reef model capabilities in identifying existing oyster 
reef production and predicting other productive regions 
within the estuary for oyster restoration.

Approach 4: Metapopulation Approach (Coupled 
Larval Transport and On-Reef Oyster Models)

An oyster metapopulation model for the full life cycle 
simulates both on-reef oyster growth, mortality, and reproduc-
tion, as well as oyster larval transport and settlement among 
reefs, with key environmental variables to drive the modeled 
oyster processes (fig. 8) over space and time. Several models 
related to on-reef oyster population processes and larval 
oyster transport have been developed for Gulf of Mexico and 
the Atlantic coast (table 3.1), but only two examples exist 
in which the larval transport and on-reef models have been 
linked to simulate the full oyster life cycle across a network 
of reefs (see Dekshenieks and others, 2000, for the Gulf 
of Mexico, and Puckett and Eggleston, 2016, for Pamlico 
Sound, North Carolina). A considerable amount of effort and 
data are required to construct, test, calibrate, and validate a 
full life cycle metapopulation approach using spatiotempo-
ral inputs from monitoring data and (or) hydrodynamic and 
water-quality models. However, a metapopulation model could 
be useful in assessing reef connectivity across an estuary, and 
beyond, which is critical to understanding recruitment and 
reef persistence through time. Dekshenieks and others’ (2000) 
oyster metapopulation model evaluated how water-quality 
changes affected the oyster population structure in Galveston 
Bay, Texas. Hourly temperature, monthly food availability, 
seston concentrations, and salinity drove daily on-reef oyster 
growth, mortality, and reproduction in the size-structured 
reef population model setup for reef sites overlain on a 3D 
circulation model grid (Powell and others, 1992; Hofmann 
and others, 1992). Reef recruitment was driven by the mod-
eled impacts of current velocity, temperature, salinity, food 
availability, and oyster reef area on oyster larval transport, 
growth, and mortality, and settlement to existing reef areas. 
A 5-year reference simulation using mean environmental 
conditions was run, and the coupled models generated spatial 
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maps of total oyster density, adult density, number of eggs 
spawned, number of recruits, and larval survivorship. This 
reference output was then used to compare simulations with 
varying freshwater inflows, including impacts on changing 
temperature, and food.

Puckett and Eggleston (2016) used an alternative 
approach to represent the oyster metapopulation of Pamlico 
Sound, North Carolina, by creating size-structured matrix 
population models from oyster growth and survival data 
collected among the network of reefs. These data, along with 
the larval transport model from Puckett and others (2014), 
were coupled to link recruitment among the reefs. The 
resulting metapopulation model was used to (1) explore 
questions relevant to restoration, including the relative 
importance of larval connectivity or on-reef processes in 
determining source-sink dynamics, and (2) evaluate alternative 
reef network design concepts for restoration planning.

Summary—
•	 A metapopulation approach accounts for both larval 

transport and settlement of spat on the reefs, as well as 
on-reef oyster processes such as growth, mortality, and 
reproduction.

•	 Dekshenieks and others (2000) provides an example 
for Galveston Bay, Tex. Methods for calibrating and 
validating the oyster components are described for 
some of the other larval transport and on-reef modeling 
studies.

•	 The metapopulation model, once calibrated and 
validated for specific regions or estuaries, could help 
direct oyster monitoring data needs, assess oyster reef 
health, inform adaptive management of reef networks, 
and predict potential changes to oyster broodstock 
reefs over time and space based on future environmen-
tal scenarios and management planning objectives.

•	 The effort and data required to construct, test, calibrate, 
and validate a full life cycle metapopulation approach 
are extensive and require a large research commitment.

Other Approaches
Other models that do not easily fit in the four categories 

identified provide one or more of the following: (1) relevant 
information to support some of the above-referenced models, 
(2) outcomes related to disease, or (3) food web effects of 
oysters or reefs (table 3.1).

Livingston and others (2000) represents one of the first 
attempts to explain oyster population data based on spatially 
resolved daily environmental conditions generated by a 
coupled estuarine circulation model. Livingston and others 
(2000) used monthly and biweekly oyster data collected 
over multiple stations in Apalachicola Bay and coupled the 
oyster data to outputs generated from a 3D POM (Princeton 
Ocean Model) of the system. Field data for oyster larval 

concentrations, spat settlement, total oyster densities, and 
biomass estimates at reef sites were statistically evaluated, 
with significant relationships described using multiple 
regression models to show the relation to bottom salinity, 
temperature, currents, water depth, turbidity, and DO concen-
trations generated by the POM. Oyster studies have continued 
to explore the relationships and variation in oyster larval spat 
settlement, oyster densities and biomass, and oyster growth 
and mortality using spatiotemporal environmental data layers 
created in GIS from field data and existing hydrodynamic-
water-quality or estuarine circulation models of the systems 
(for example, Lowe and others, 2017). The Livingston and 
others (2000) methodology is included here, as it has been 
continually referenced in oyster HSI development and verifi-
cation of SI parameters using oyster monitoring data coupled 
with spatiotemporal environmental conditions.

Hofmann and others (2001) explicitly models parasitism 
and disease; specifically, MSX (multinucleated sphere X) 
disease caused by the pathogen Haplosporidium nelsoni 
in Chesapeake Bay oysters. Hofmann and others (2001) 
also models the transmission, proliferation, and death rates 
of the parasite and the oyster. Environmental data, includ-
ing temperature, salinity, and food supply, were used to run 
the model for 10 years in the Chesapeake Bay to examine 
how changes in environmental conditions affected the 
prevalence and intensities of the MSX disease in oysters. This 
explicit host-parasite model specifically modeled ingestion, 
respiration, and mortality of oysters to identify how the 
transmission and spread of MSX may vary by environmental 
conditions; however, oyster mortality and disease prevalence 
in relation to salinity and temperature are already accounted 
for within some of the on-reef oyster population models and 
even within some of the HSIs.

Fulford and others (2010) provides an example of 
modeling oyster populations within a food web context. 
Specifically, Fulford and others (2010) modeled the daily 
biomass for 23 prey, competitor, and predator groups cen-
tered around and including oyster larvae and oyster reef 
biomass pools within a food web modeling platform called 
TroSIM. Daily larval and reef oyster consumption and 
growth were driven by three size classes of phytoplankton 
concentrations and exposed to different simulated water-
year conditions in order to examine the cascading effects of 
oyster consumption on the estuarine food web. Additional 
nutrient reduction scenarios and oyster reef stocking sce-
narios were run to evaluate the effects on oyster biomass and 
the food web. In a similar vein, several estuarine food web 
models with oysters as component biomass pools have been 
developed for the Gulf of Mexico (for example, de Mutsert 
and others, 2017; DSLLC, 2016). This modeling approach 
does not necessarily cover the modeled oyster processes in 
the same level of detail as the larval transport and on-reef 
oyster growth models do, and modeling the oyster popula-
tions within a food web context adds additional uncertainty 
and complexity without long-term field data to support 
calibration and validation for each added biomass pool or 
population interacting with oysters.
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Discussion
Multiple modeling approaches exist for informing 

site selection of broodstock or sanctuary oyster reefs, often 
with trade-offs (table 2). However, the development, cali-
bration, and validation of a single modeling platform to be 
used for each selected approach presents the most efficient, 
transferable, and useful tool to use throughout the Gulf of 
Mexico. The development of this single modeling platform 
would involve using standardized input variables, governing 
equations, and assumptions for oyster processes and out-
puts for standardized calibration and validation procedures 
that could be applied within each estuary. The differences 
among estuary applications would require substituting only 
estuary-specific environmental data, and calibrating and 
validating with local oyster data. Based on available work 
to date, the two approaches most likely to be useful include 
(1) development of a general geospatial HSI modeling frame-
work that could be applied consistently across estuaries, and 
(2) a coupled larval/on-reef full oyster cycle metapopulation 
model requiring only estuary-specific calibration and hydro-
dynamic models. This ultimately would require substantial 
upfront investment but would yield enormous benefits, pro-
viding a spatially diversified model platform that can handle 
new and more extreme conditions and fulfill the critical steps 
needed to move from single-reef to reef network management.

A general geospatial HSI modeling framework could 
be developed using a widely available geospatial analysis 
and mapping program (that is, Esri ArcGIS), similar to what 
Beseres Pollack and others (2012) and Swannack and oth-
ers (2014) describe, for consistent evaluation and planning 
of oyster resources across Gulf of Mexico estuaries. In fact, 
the Beseres Pollack and others (2012) approach has already 
been applied to Gulf estuaries in coastal Texas (Reisinger 
and others, 2020). Expert stakeholder groups involved in 
oyster restoration across the Gulf of Mexico could compile 
an all-inclusive list of potentially important environmental, 
biological, and logistical inputs that drive oyster distribution 
and mortality patterns in the estuaries and coastal regions 
through workshops, as described in Puckett and others (2018) 
and Theuerkauf and others (2019). The full suite of HSI input 
variables, with suitability functions and relationships (SIs 
borrowed from previous studies, could be programmed within 
a general GIS framework for use by the agencies tasked with 
oyster restoration planning, management, and monitoring 
by State. Geospatial HSIs could be set up using any input 
variables and SI equations from the full list determined from 
expert stakeholder meetings, and station data from local field 
monitoring studies can be spatially interpolated in a GIS (for 
example, Beseres Pollack and others, 2012), and by using 
outputs generated from existing 2D and 3D numerical models 
of estuarine water quality and circulation (for example, the 
EFDC and WASP used in Linhoss and others [2016] and 
SFWMM used in Barnes and others [2007]).

A metapopulation approach simulating the full oyster life 
cycle via coupled larval transport (with growth, survival, and 

behavior) and on-reef population models could additionally 
be developed for detailed understanding and testing, and 
for comparison of reefs across Gulf of Mexico estuaries. 
This approach is detailed and complex, with both the larval 
transport modeling and on-reef population model components 
requiring their own development, testing, and verification, and 
calibration and (or) validation data; however, the approach 
previously has been used by Dekshenieks and others (2000) 
by means of size-structured on-reef population modeling. 
Wang and others (2008, 2017) applied the on-reef modeling 
component approach to Apalachicola Bay, Florida, and Breton 
Sound, Louisiana; therefore, this size-structured modeling 
approach for on-reef populations has been validated and tested 
in multiple Gulf of Mexico estuaries. Alternatively, the DEB 
approach has been calibrated and validated for multiple estuar-
ies in the Gulf of Mexico, such that this on-reef approach to 
modeling oyster growth and reproduction provides a similarly 
flexible option to the size-structured model for coupling with 
larval transport models to evaluate the full oyster life cycle 
by estuary. The DEB model provides a mechanistic (process-
based) approach, based on physiological and metabolic pro-
cesses common to all living species, that can be easily adapted 
to both genetic variation in natural populations and variation 
in local environmental conditions (Augustine and Kooijman, 
2019), and may be easily adapted across the wide range of 
conditions in Gulf of Mexico estuaries.

These geospatial HSI and the mechanistic metapopulation 
approaches each have advantages and disadvantages, address 
different oyster processes and questions, and have different 
data requirements. Both provide valuable support for oyster 
restoration but may differ in their ability to address specific 
questions related to oyster restoration. The geospatial HSI 
approach, while currently more widely used and accessible, 
requires more development of larval suitability and larval 
input and output components to inform reef connectivity 
(that is, see Milroy and others, 2020a, b, c). This is not an 
easy issue to resolve and is only mentioned here for consid-
eration; further work would be needed to determine whether 
or not larval suitability warrants additional study and if so, 
how to include it within the geospatial suitability model-
ing framework. Coupled larval and on-reef models (DEB, 
or size structured with SBM, as in Soniat and others [2012a, 
2014] or Yurek and others [2021]) provide more detailed and 
responsive—but less accessible—approaches, as they are 
often built on a daily time scale and can be easily adjusted to 
incorporate new research and understanding. These models 
are more data-intensive and require some expertise to run and 
apply to broodstock and sanctuary reef site selection, and to 
use in evaluation (for example, in a predictive capacity) under 
monitoring and adaptive management. If planners decided to 
concentrate on developing two independent platforms for both 
the Geospatial Suitability Index modeling and metapopulation 
modeling, then considering larval suitability over space and 
time may not be necessary, as the larval transport component 
within the coupled metapopulation approach will address 
these factors.
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Independent development and testing, calibration, and 
validation of both of these approaches could provide an oppor-
tunity for ensemble modeling in which planners and managers 
have two modeling tools. Outputs can be (1) compared and 
used to inform each other, (2) used together to better under-
stand and communicate how oysters and reef sustainability 
respond to changes, and (3) used to identify key research 
needs related to our understanding of oyster life cycles (that 
is, growth, mortality, and reproduction), reef sustainability, 
and reef connectivity. Further, modeling results can be com-
pared to determine which approach better addresses specific 
planning questions (that is, broodstock reef site selection, 
estuarine-level resource response, and so forth), scenario pre-
dictions (that is, changing environmental conditions, impact 
of reef development in specific locations, and so forth), or 
contributes to model improvements including those that reflect 
an improved understanding of oyster metapopulations.

Ultimately, the development of a single modeling 
platform would provide a flexible tool applicable across all 
Gulf of Mexico oyster-supporting estuaries. Using a single 
modeling platform (one source code with user interface and 
[or] input files to run the model, with code changes made by a 
single development team and released as model versions) for 
development, testing, and calibration/validation has several 
advantages. Oyster restoration scientists and managers would 
not only be able to examine different scenario outcomes 
within a single estuary, but could also have comparable 
modeled results to assess potential outcomes across estuaries 
and regions that are not confounded by varying approaches, 
assumptions, or user judgement. Many parts of some existing 
models (table 3.1) can be incorporated into the new model. 
Selection of the modeling approaches and programming 
platforms to use for model development, testing, and applica-
tion needs further attention and may benefit from involvement 
by scientists and managers with this expertise in the Gulf of 
Mexico (see table 3.1).

As management goals increasingly call for restoration of 
oyster reef networks, moving from managing single reefs in 
isolation to managing connected reefs, these approaches would 
provide critical information. However, getting there would 
require substantial up-front investment in data, research, and 
model development, but would yield enormous benefits by 
providing a spatially diversified modeling platform for each 
selected modeling approach that can handle new and more 
extreme conditions, and fulfill the critical steps needed to 
move from single-reef to reef network management.
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Appendix 1.  Discrete Water-Quality Data Sources
Table 1.1 (available at https://doi.org/10.3133/ofr20211063) is a noncomprehensive list of available sources of 

water-quality data collected by public institutions for Gulf of Mexico estuaries, including links to data repositories of potentially 
relevant data. This table provides some sources used to inform models. The websites listed were accessed in December 2020.

Appendix 2.  Modeled Water-Quality and Physical Data Sources
Table 2.1 (available at https://doi.org/10.3133/ofr20211063) is a noncomprehensive list, by estuary, of modeled water-

quality and physical data for model inputs. This table provides references for water-quality and physical models used to inform 
oyster models. All cited references are listed in the References Cited section of the main report.

Appendix 3.  Oyster Model Inventory
Table 3.1 (available at https://doi.org/10.3133/ofr20211063) provides an inventory of models categorized by modeling 

approach (habitat suitability, larval transport, on-reef, metapopulation, or other). The inventory provides model description and 
objective, model input variables, sources of input data, modeled processes, output variables, spatial and temporal applicability, 
and comments on model applicability and accessibility to siting broodstock and sanctuary oyster reefs. The existing models are 
not listed in alphabetical or chronological order, but rather in the order they are referenced within the report. Habitat Suitabil-
ity Index (HSI) models are sorted by Gulf of Mexico models first, then Atlantic Ocean models. Models are generally sorted in 
chronological order, but also by order of studies that were built upon the previous studies. Models are also listed in ascending 
order of model complexity for some of the approach categories. All cited references are listed in the References Cited section of 
the main report.
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