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A B S T R A C T   

Eastern oysters (Crassostrea virginica) are a critical ecological and commercial resource in the northern Gulf of 
Mexico facing changing environmental conditions from river management and climate change. In Louisiana, 
USA, development of restored reefs, and off-bottom aquaculture would benefit from the identification of loca-
tions supportive of sustainable oyster populations (i.e., metapopulations) and high consistent production. This 
study defines four oyster resource zones across coastal Louisiana based on environmental conditions known to 
affect oyster survival, growth, and reproduction. Daily data from 2015 to 2019 were interpolated to generate 
salinity and temperature profiles across Louisiana’s estuaries, which were then used to classify zones based on 
monthly and annual salinity mean and variance. Zones were classified as supportive of (1) broodstock sanctuary 
reefs (i.e., support reproductive populations), (2) productive reefs during dry (salty) years, (3) productive reefs 
during wet (fresh) years, and (4) off-bottom aquaculture development. Of the 38,000 km2 investigated, over 
11,000 km2 of potential oyster zone area was identified across the Louisiana coast. The Broodstock Sanctuary 
Zone was the smallest (~540 km2), as salinity variance limited this zone in many areas, as it is driven largely by 
riverine inputs across many estuaries. Located up-estuary (Dry Restoration Zone) and down-estuary (Wet 
Restoration Zone) of the Broodstock Sanctuary Zone, Dry and Wet Restoration Zone areas covered ~2400 km2 

and ~3900 km2, respectively. Mapped reefs in Louisiana currently exist largely within the Dry Restoration zones, 
suggesting a potential strategy to focus reef development in Wet Restoration zones to ensure reef network sus-
tainability through years with high precipitation and river inflow. The off-bottom Aquaculture Zone was the 
largest (~6400 km2) zone identified, with much of this area located more down-estuary and off-shore. Ac-
counting for variable water quality conditions enables the development of a network of reefs resilient to envi-
ronmental variability, and more stable areas for consistent off-bottom aquaculture production. Spatial planning 
and identification of oyster resource zones reduces focus on individual reef success and supports management of 
oyster metapopulation outcomes, while identifying zones supportive of off-bottom aquaculture.   

1. Introduction 

In recent years, the use of spatial planning has emerged as an 
essential tool to support decision-making in coastal and marine systems 
vulnerable to rapid changes (Sousa et al., 2011; Halpern et al., 2012; 
Collie et al., 2013; Pittman and Brown, 2011; Lagabrielle et al., 2018). 
The identification and development of targeted resource zones can help 

reduce user conflict, improve restoration and management outcomes, 
integrate variable and future environmental conditions, and help stra-
tegically develop sustainable restoration strategies (i.e., Agardy et al., 
2011: Moura et al., 2013; Pinto and Martins, 2013). Over the last two 
decades, the United Nations Educational, Scientific and Cultural Orga-
nization (UNESCO)’s Marine Spatial Planning initiative has developed 
guidelines (mspglobal2030.org; accessed Jan 2022) and set an objective 
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to triple areas benefitting from marine spatial planning. Spatial planning 
provides a means to support conservation and management of biodi-
versity and habitat connectivity and could be a valuable tool for man-
agement of benthic habitats created by economically and ecologically 
valuable species, such as shellfish populations which both create reef 
habitat, and support a valuable fishery. 

Across the northern Gulf of Mexico (nGoM), the native eastern oyster 
(Crassostrea virginica; hereafter, “oysters”) provides vital ecosystem 
services (i.e., provision of habitat, water filtration, coastline stabiliza-
tion, and benthic-pelagic coupling) and supports a highly productive 
seafood industry, with Louisiana alone contributing an average of 43% 
of annual landings (market value) of all oysters nationally (USA) from 
1999 to 2018 (LDWF, 2021). Despite their ecological and commercial 
importance, nGoM oyster populations, as with others globally, have 
declined and continue to decline due to overharvesting, changes in 
freshwater flows, and changing climate conditions (Beck et al., 2011; 
Beseres Pollack et al., 2012; Zu Ermgassen et al., 2012). In the face of 
these trends, many states in the United States are investing in oyster 
restoration, focusing on reef networks with areas identified for resto-
ration, and broodstock sanctuaries to support sustained natural repro-
duction and recruitment through environmental variation (Lipcius et al., 
2008; Puckett and Eggleston, 2016; LDWF, 2020b; La Peyre et al., 2021). 
In addition, the nGoM oyster industry is focused on developing 
off-bottom aquaculture to grow oysters for harvest to address the chal-
lenges faced by on-bottom oyster production (Maxwell et al., 2008; 
Walton et al., 2013; Grice and Walton, 2018). Identifying strategic lo-
cations to place these restoration reefs and locate sites for off-bottom 
aquaculture would help ensure success of oyster restoration, and 
off-bottom aquaculture production. 

For restoration and management of oysters in the United States, 
geospatial habitat suitability index (HSI) models are generally used to 
inform restoration planning (i.e., Theuerkauf and Lipcius, 2016; Puckett 
et al., 2018; Theuerkauf et al., 2019; Reisinger et al., 2020; Lindquist 
et al., 2021; La Peyre et al., 2021). While often used to evaluate the 
suitability of restoration activities on oyster resources, an HSI type 
approach could be useful to identify specific zones that account for 
long-term mean and variance in environmental conditions. For example, 
Melancon et al. (1998) proposed oyster resource zones for Barataria and 
Terrebonne estuaries in Louisiana, USA based on long-term salinity 
patterns and oyster farmer input. This approach identified oyster zones 
for production during dry, wet, and average years, providing guidance 
for oyster farmers to ensure production across variable years by 
investing across the three zones. While this work focused solely on 
production, the development of a spatial tool to identify zones differ-
entially suitable for aquaculture, restoration, and for broodstock sanc-
tuaries across variable years would support restoration planning 
involving reef networks, broodstock sanctuaries, and off-bottom aqua-
culture (also called Alternative Oyster Culture in Louisiana) develop-
ment (Lipcius et al., 2008, 2015; Deepwater Horizon Natural Resource 
Damage Assessment Trustees, 2017; LDWF, 2020a). 

The development of spatial resource zones requires understanding of 
oyster population dynamics and their interaction with local habitat and 
environmental conditions. Oysters are tolerant to a wide range of 
environmental conditions, with salinity and temperature, and their 
interaction, affecting virtually every aspect of the oyster life cycle 
(Shumway, 1996; Bayne, 2017). While oysters can survive indefinitely 
in a wide salinity range from 5 to 40 (Shumway 1996), Louisiana pop-
ulations show optimal performance (i.e., growth, survival) in salinity 
ranging between ~10 and ~15 (Dugas and Roussel, 1983; Heilmayer 
et al., 2008; Soniat et al., 2013; Rybovich et al., 2016; Lowe et al., 2017). 
Oysters also survive temperatures ranging from -2 – 36 ◦C throughout 
their geographical range (Shumway, 1996), but Louisiana populations 
perform optimally (i.e., growth) within 20–26 ◦C (Lowe et al., 2017), 
with upper thresholds of temperature tolerance highly dependent on 
salinity and oyster life stage (La Peyre et al., 2013; Rybovich et al., 2016; 
Marshall et al., 2021a, 2021b). In particular, low salinity (<5) and high 

temperatures (>30 ◦C) combined are increasingly lethal to oyster pop-
ulations. Beyond salinity and temperature, other variables including 
chlorophyll-a, turbidity, and wave exposure could impact oyster sur-
vival and growth, but salinity and temperature are the dominant factors 
and currently drive most models of oyster growth and mortality for 
Louisiana (CPRA, 2017; Wang et al., 2017; Lavaud et al., 2021; La Peyre 
et al., 2021). 

In estuarine environments, high spatial and temporal variability 
from both terrestrial and marine influences affect critical water quality 
parameters, impacting ecosystem functioning and fisheries production 
(Dekshenieks et al., 1993). Temporal variability arises from seasonal, 
annual, and long-term climatic cycles, such as the El Niño Southern 
Oscillation, which influences nGoM weather patterns on a 3–4 year 
average cycle (Graham and White, 1988; Orlando et al., 1993; Kennedy 
et al., 2007). Spatial variability between and within estuaries across the 
nGoM results from differences in influence from riverine input, basin 
geomorphology, coastal land loss, and restoration activities, which im-
pacts salinity and nutrient status of estuaries (Orlando et al., 1993). 
Additional variability from climate change, including sea level rise and 
long-term predicted changes in upstream precipitation, may cause water 
quality changes in different directions and magnitudes in estuaries 
across the nGoM and within Louisiana, resulting in unique estuarine 
environments (Keim et al., 2011; Keim and Powell, 2015). As a result, 
management of ecosystems and fisheries requires consideration of local 
conditions, including annual and long-term environmental variation, 
and consideration of how local populations of organisms can adapt 
(Mulholland et al., 1997; Bible et al., 2017). 

Increased focus on restoration, conservation, and development of off- 
bottom oyster aquaculture would benefit greatly from spatial planning, 
and the identification of critical resource zones. These zones would 
identify where optimal conditions for oyster survival, reproduction, or 
fisheries production may shift as environmental conditions vary across 
the years. The connectivity of individual populations (reefs) through 
larval dispersal between reefs (i.e., metapopulations) provides oppor-
tunity for populations located in optimal conditions in a given year to 
subsidize populations located in sub-optimal conditions (i.e., subsidize 
across zones). This spatial planning for oyster resilience and production 
requires determining suitable habitat conditions, largely driven by 
salinity in this region, for oysters to thrive. The objective of this study is 
to define zones based on environmental conditions over the last 5 years 
(2015–2019) in estuaries across subtropical Louisiana to identify areas 
potentially conducive to supporting a network of oyster reefs to ensure 
oyster resources survive and support a productive fishery through short- 
term and longer-term environmental variability. Specifically, this work 
aims to develop a coastwide map identifying four oyster resource zones 
to support decision making related to the selection of locations for 
aquaculture operations, reef restoration, and broodstock sanctuaries. 

2. Methods 

Oyster resource zones were defined based on five years of salinity 
and temperature (◦C) data from continuous data recorders and satellite- 
derived data. 

2.1. Study area 

The study area for this analysis was defined using the Louisiana basin 
boundaries (CPRA, 2017, Fig. 1), extended 5 km from the coastline. The 
eastern half of the state is dominated by the Mississippi River, consisting 
of multiple estuaries and bays, while the western half consists of the 
Chenier Plains and many estuarine lakes (Fig. 1). These estuaries 
represent a large range of spatially and temporally varying conditions 
resulting from differing riverine inputs, basin morphology, and man-
agement (Orlando et al., 1993; Solis and Powell, 1999; CPRA, 2017). 
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2.2. Zone definition 

Four oyster resource zones were defined to identify areas that would 
support (1) development of broodstock spawning sanctuaries, (2) 
restoration of oyster reefs across areas suitable for oyster growth, sur-
vival, and reproduction in more extreme years, including wet and dry 
years, and (3) off-bottom aquaculture. We defined these zones using 
salinity and season, with season used as a proxy for the combined effects 
of temperature and salinity on the oyster life cycle. Five variables were 
included in the zone definition: annual mean salinity, annual salinity 
variation (in standard deviations), spawning months mean salinity 
(April–November), and summer (June–September) and winter 
(December–February) months mean salinity (Table 1). Each of these 
variables was defined with a salinity range or m\inimum threshold and a 
frequency component. The frequency component was included because 
strict application of thresholds across the 5-year time period resulted in 
highly limited oyster resource zones due to high inter-annual salinity 
variation in Louisiana estuaries. The high intra-annual variation in 
salinity was addressed by adding a threshold determined by annual 
salinity standard deviation, with lower thresholds for zones requiring 
more consistent results (i.e., Broodstock Sanctuary and Aquaculture 
Zone). The frequency and threshold restrictions reflect the fact that 
oysters can survive outside their optimal conditions for periods of time 
through closure of their shells, which can be maintained for several days 
to weeks depending on temperature without harm (Shumway, 1996; 
Lavaud et al., 2017). 

The Broodstock Sanctuary Zone was designed to optimize reef sus-
tainability and fecundity through inclusion of areas with conditions 
optimal for oyster growth and survival all or most of the time. Oysters 
on-bottom in Louisiana survive and grow optimally at mid-range 
(salinity: 10–15) and minimally variable salinities (Lowe et al., 2017). 
In the nGoM, oysters spawn multiple times throughout the year (Supan 
and Wilson, 2001) in response to suitable environmental conditions, 
which include warmer temperatures and its interaction with photope-
riod and food supply (Bayne, 2017). Other factors, including salinity, 
impact the timing and occurrence of the reproductive cycle as low 
salinity has been associated with delayed gonad development and 
reduced larval survival, development, and settlement (Loosanoff, 1953; 
Calabrese and Davis, 1970; La Peyre et al., 2013). To ensure maximum 
growth and survival, the annual mean salinity range for the Broodstock 
Sanctuary Zone was defined as 8 to 16 for at least four out of five years 
(Table 1). Annual salinity variation had a maximum threshold of 2x the 
coastwide 5-year mean SD (2.208) for all five years to minimize impacts 
from high variation on reproduction. This 2x coastwide mean SD 
(salinity variation = 4.416) was selected because it captures the SD re-
ported in field studies documenting oyster survival and growth across 

Louisiana estuaries (i.e., La Peyre et al., 2015; 2013; Rybovich et al., 
2016). To maximize likelihood of reproduction, the spawning month 
mean salinity had to be greater than or equal to 12 for at least 25% of the 
season each year for at least three out of five years used in this study 
(Table 1). Generally, the interaction between temperature and salinity 
has an effect on oyster growth and mortality; however, for the Brood-
stock Sanctuary Zone, the minimum threshold for both the summer and 
winter month salinity was defined as a salinity of 8 for at least 80% of the 
season each year, because a salinity of 8 supports oyster growth and 
survival regardless of temperature (Table 1) (La Peyre et al., 2013; 
Rybovich et al., 2016; Lowe et al., 2017; Lindquist et al., 2021). 

The Dry Restoration and Wet Restoration Zones were designed for 
optimum reef survival, growth, and reproduction during years with 
lower or higher than average freshwater input into estuaries, respec-
tively (Melancon et al., 1998). As a result, the thresholds used for the 
five salinity variables represent slightly lower (Dry Restoration Zone) or 
higher (Wet Restoration Zone) than optimal conditions based on the 
hypothesis that optimal conditions would occur in those zones during 
dry or wet years (Melancon et al., 1998). The annual mean salinity range 
for the Dry Restoration Zone borders the optimum and was chosen to 
include areas with optimum salinity for oysters during dry years (less 
precipitation, higher inshore salinities) and lower salinities (4–12) 
during average years (Table 1). In contrast, the annual mean salinity 
range for the Wet Restoration Zone was chosen to include areas with 
optimum salinity during wet years (more precipitation, lower inshore 
salinities, optimal salinities farther offshore) and higher salinities 
(12–20) during average years (Table 1). Salinity was allowed to have a 
high variance (4x the coastwide 5-year mean SD, ~ salinity variation of 
8) as these areas are expected to experience optimal and non-optimal 
years, and, in the absence of data to inform us of SD that are mortal to 
oyster reef survival on an annual basis, is non-restrictive across the 
Louisiana coast. These zones would contain oyster populations that may 
recruit and reproduce only once every few years but still allow some to 
survive through the years in between. Therefore, the spawning month 
mean salinity had to be greater than or equal to 12 for at least 12.5% of 
the season for at least one out of five years used in this study (Table 1). 
To account for the effect of temperature-salinity interactions on oysters, 
minimum thresholds for the summer and winter months differed slightly 
between both seasons and zones. The Dry Restoration Zone summer 
month mean salinity minimum threshold was 4 while the winter month 
mean salinity minimum threshold was 2 to account for higher tolerance 
to low salinity in colder temperatures. The Wet Restoration Zone sum-
mer month mean salinity minimum threshold was 6 while the winter 
month mean salinity minimum threshold was 4. 

The Aquaculture Zone was designed to capture conditions best suited 
for high oyster growth and low mortality while de-emphasizing 

Fig. 1. Map of south Louisiana, U.S.A. showing 
coastal area used for this work. The black line 
represents the northern hydrologic barriers and 
southern boundary line used to define the inter-
polation area in this study. The Louisiana basin 
boundaries as defined by the Coastal Protection 
and Restoration Authority are outlined in gray 
and labeled. Current existing public reefs and 
cultch plants (i.e., substrate placed in oyster 
spawning areas to provide surface for oyster 
larvae to attach) maintained by Louisiana 
Department of Wildlife and Fisheries (LDWF) are 
shown as black areas. Map background is from 
the National Land Cover Dataset (NLCD, 2016).   
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reproduction and predation (oysters would be grown in predator- 
excluding baskets from hatchery provided seed). The annual mean 
salinity was defined as equal to or greater than 12 for at least four out of 
five years to represent ideal conditions for growth and survival (La 
Peyre et al., 2003; Bushek et al., 2012; Lowe et al., 2017). No maximum 
salinity was applied as the primary threat from higher salinity would be 
mortality from Perkinsus marinus and, given the fast growth and harvest 
within less than 1 year of oysters grown off-bottom in Louisiana waters, 
P. marinus is not generally a concern (Casas et al., 2017; Leonhardt et al., 
2017). Additionally, annual salinity variation had a maximum threshold 
of 2x the coastwide 5-year mean SD for all five years similar to the 
Broodstock Zone to only include areas with the least salinity variation 
possible to promote optimal growth for harvest. Summer and winter 
month mean salinity had a minimum threshold of 8, based on Lindquist 
et al. (2021) which indicated a suitability over 1.0 at this salinity. 
Spawning month mean salinity was not included in this zone definition 
because seed used for aquaculture is anticipated to come from 
hatcheries. 

2.3. Coastwide data acquisition 

We obtained empirical daily inshore salinity and temperature (◦C) 
data from continuous data recorders maintained by the state of Loui-
siana Coastwide Reference Monitoring System (Coastal Protection and 
Restoration Authority of Louisiana, 2021) and the U.S. Geological 
Survey (United States Geological Survey of US Department of the Inte-
rior, 2021) (Fig. 2). CRMS and USGS data were accessed by public on-
line website databases. Daily offshore data were obtained from the 
Hybrid Coordinate Ocean Model (HYCOM) for salinity (GODAE, 2021) 
and the National Oceanographic and Atmospheric Administration 
(NOAA) Optimum Interpolation Sea Surface Temperature dataset for 
temperature (National Oceanic and Atmospheric Administration, 
NOAA, 2021) (Fig. 2). HYCOM and NOAA data were derived from 
remote sensing raster coverage and accessed through the data catalog of 
Google Earth Engine, an online computing platform for geospatial 
analysis using Google’s infrastructure. From all sources, daily salinity 
and temperature means were obtained for January 1, 2015 through 
December 31, 2019. There were thirty-two nonconsecutive dates that 
did not contain data in the HYCOM dataset; the salinity mean for these 
days was estimated by averaging the means of the two surrounding 
dates. Point data outside the study area for the analysis was included, as 
available, to incorporate as much data as possible in the salinity in-
terpolations. Interpolations were conducted on this point data set for 
each day in the study period. These datasets include surface salinity and 
temperature data as bottom water quality data do not exist for this re-
gion. Within the estuaries where oysters exist, numerous analyses have 
demonstrated that there is no significant statistical difference between 
top and bottom water salinity (i.e., La Peyre et al., 2016). Generally, 
Louisiana estuaries are well-mixed, largely due to their shallow nature 
(average depth <2 m), however, we do acknowledge that in offshore 
areas included in this analysis, stratification may occur, however these 
offshore areas are likely only supportive of off-bottom oyster 
aquaculture. 

In order to compare the 5-year data set used for these maps to a 
longer historical time frame, six locations with continuous long-term 
data recorders available were identified across six estuaries: Calcasieu 
Lake, Vermilion Bay, Terrebonne Bay, Barataria Bay, Breton Sound, and 
Mississippi (MS) Sound. Salinity data used are daily means taken from 
USGS recorders (USGS, 2021): Calcasieu: Calcasieu River at Cameron, 
LA (08017118); Vermilion Bay: Vermilion Bay near Cypremort Point, 
LA (07387040); Terrebonne Bay: Caillou Lake (Sister Lake) SW of 
Dulac, LA (07381349); Barataria Bay: Hackberry Bay NW of Grand Isle, 
LA (073802512); Breton Sound: Black Bay near Snake Island near 
Pointe-A-La-Hache, LA (07374526); MS Sound: Mississippi Sound near 
Grand Pass (300722089150100). Monthly salinity means for 
2002–2019 were compared to monthly salinity means for 2015–2019 to Ta
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identify differences in short-term versus long-term salinity trends. A 
salinity anomaly index was calculated by subtracting the 2002–2019 
monthly salinity mean from the 2002–2019 monthly salinity mean (to 
create the baseline of 0) and from the 2015–2019 monthly salinity mean 
(to show salinity differences between the two time periods). Negative 
values indicate the salinity mean was lower in 2015–2019 compared to 
2002–2019. The longer 2002–2019 timeframe was not used to develop 
oyster resource zones in this study due to a focus on developing maps 
reflective of current estuarine conditions and a lack of long-term, 
coastwide daily data to inform the spatial interpolations. 

2.4. Spatial layer development 

Interpolations across the study area were generated in ArcGIS v.10.7 
using the spline with barriers technique with a 500 m resolution. The 
spline technique estimates values to create the smoothest possible sur-
face curve that passes through the input points exactly. Barriers included 
levees, impoundments, and basin boundaries affecting hydrologic flow 
to prevent interpolation across hydrologic boundaries (Fig. 1; DeMarco 
et al., 2018). We interpolated daily salinity and temperature means to 
create daily raster surfaces for the Louisiana coast from 1/1/2015 
through 12/31/2019. Interpolations were validated by comparing 3466 
points with discrete, fisheries independent salinity and temperature 
points collected (LDWF, 2018a). Interpolations were uploaded into 
Google Earth Engine where daily salinity and temperature data were 
used to calculate monthly means, annual means, and annual standard 
deviation per pixel. Each pixel in the raster surface is 500 m-sided 
square, which was selected to maximize spatial resolution while mini-
mizing processing time. 

2.5. Zone generation 

Areas determined to be covered by water <20% of the time were 
excluded from the analysis, being less likely to support viable oyster 
reefs. Monthly and annual salinity values generated in Google Earth 
Engine were filtered to include appropriate ranges and thresholds for the 

five variables identified to differentiate the four oyster resource zones 
(Table 1). Once filtered to each zone’s specifications, the five variables 
were stacked to create multi-variable oyster resource zones that include 
all relevant zone-specific salinity criteria. Overlapping zone coverage 
was mapped to show the full range of oyster suitability across the Lou-
isiana coast. Coverage (km2) was calculated for each zone using the 
Calculate Geometry tool and simplified to two significant figures. 

3. Results 

3.1. Environmental data 

Five-year mean salinity from 2015 to 2019 across the Louisiana coast 
ranged from 0 to 34.7 with increasing salinity moving down-estuary and 
offshore across all estuaries (Fig. 3, Panel A; Appendix Fig. 1). Five-year 
mean salinity standard deviation ranged from 0 to 6.5, with differences 
in variation evident across the coast, by estuary. Specifically, higher 
variation was seen in Calcasieu, Barataria, Breton Sound, and MS Sound 
basins (Fig. 3, Panel B). 

Five-year mean temperature from 2015 to 2019 across the Louisiana 
coast ranged from 18.5 ◦C to 25 ◦C with temperature increasing slightly 
moving offshore (Fig. 4, Panel A). Five-year mean temperature standard 
deviation ranged from 0 to 8 ◦C with highest variation around the 
Mississippi River Delta (Fig. 4, Panel B). 

Comparison of salinity means at six continuous data recorders with 
daily data from 2002 to 2019 to their salinity means from 2015 to 2019 
indicated that the years for zone development were generally fresher 
than the long-term salinity at critical oyster resource locations (Fig. 5). 

3.2. Oyster resource zones 

The four oyster resource zones span the Louisiana coast and depict 
predicted areas of optimum oyster performance based on water quality 
conditions (Fig. 6). The four zones combined cover 11,000 km2 of water 
bottom out of 38,000 km2 total within our study area. The zone with the 
least coverage was the Broodstock Sanctuary Zone accounting for 540 

Fig. 2. Salinity (top panel): locations of 457 
CRMS data recorders (Coastal Protection and 
Restoration Authority of Louisiana, 2021), 
27 USGS data recorders (United States 
Geological Survey of US Department of the 
Interior, 2021), and 392 data points from 
remote sensing raster coverage (GODAE, 
2021) for 2015–2019 for a total of 876 data 
points. Temperature (◦C): locations of 462 
CRMS data recorders (Coastal Protection and 
Restoration Authority of Louisiana, 2021), 
27 USGS data recorders (United States 
Geological Survey of US Department of the 
Interior, 2021), and 45 data points from 
remote sensing raster coverage (National 
Oceanic and Atmospheric Administration, 
NOAA, 2021) for 2015–2019 for a total of 
534 data points. Map background is from the 
National Land Cover Dataset (NLCD, 2016).   
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Fig. 3. Louisiana, U.S.A. coast salinity profile for 2015–2019. Panel A: mean annual salinity 2015–2019. Panel B: mean annual salinity standard deviation 
2015–2019. Map background is from the National Land Cover Dataset (NLCD, 2016). 

Fig. 4. Louisiana, U.S.A. coast temperature (◦C) profile from 2015 to 2019. Panel A: mean annual temperature 2015–2019. Panel B: mean annual temperature 
standard deviation 2015–2019. Map background is from the National Land Cover Dataset (NLCD, 2016). 
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km2. In general, the Broodstock Sanctuary Zone occurred where the Dry 
and Wet Restoration Zones overlap and represented a smaller range of 
water quality conditions. The Dry Restoration Zone accounted for 2400 

km2 and covered up-estuary areas across the coast, including areas that 
would be fresher in an average year (Fig. 6). The Wet Restoration Zone 
accounted for 3900 km2 and covered down-estuary areas across the 

Fig. 5. Monthly salinity means of most recent five years (2015–2019; dashed line) compared to the past eighteen years (2002–2019; solid black line) at six critical 
oyster resource locations along the Louisiana coast, U.S.A. A salinity anomaly index (dashed line) was calculated by subtracting the longer-term (2002–2019) 
monthly salinity means from the most recent years (2015–2019) monthly salinity means. The solid line represents a salinity anomaly of 0 where the long-term and 
recent year monthly means are equal. Negative values indicate the salinity mean was lower in 2015–2019 compared to the 2002–2019 mean. Salinity data used are 
daily means taken from USGS recorders (USGS, 2021): Calcasieu: 08017118 – Calcasieu River at Cameron, LA; Vermilion Bay: 07387040 – Vermilion Bay near 
Cypremort Point, LA; Terrebonne Bay: 07381349 – Caillou Lake (Sister Lake) SW of Dulac, LA; Barataria Bay: 073802512 – Hackberry Bay NW of Grand Isle, LA; 
Breton Sound: 07374526 – Black Bay near Snake Island near Pointe-A-La-Hache, LA; MS Sound: 300722089150100 – Mississippi Sound near Grand Pass. Map 
background is from the National Land Cover Dataset (NLCD, 2016). 

Fig. 6. Oyster resource zones across coastal Louisiana, U.S.A. based on mean salinity parameters from 2015 to 2019 separated to show all areas included within each 
zone. A: Broodstock Sanctuary Zone, B: Dry Restoration Zone, C: Wet Restoration Zone, D: Aquaculture Zone. Map background is from the National Land Cover 
Dataset (NLCD, 2016). 
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coast, including areas that would be saltier in an average year (Fig. 6). 
The largest area was covered by the Aquaculture Zone, accounting for 
6400 km2, due to less restrictive water quality conditions (Fig. 6). 

Zone representation has a general gradient pattern from inshore to 
offshore estuary, changing from Dry Restoration Zone, to Broodstock 
Sanctuary Zone, to Wet Restoration Zone, to Aquaculture Zone with 
areas of overlap between each (Fig. 7). Aquaculture Zone overlaps with 
many of the other zones due to its less restrictive water quality re-
quirements (Fig. 7). Existing public reefs and cultch plants (i.e., substrate 
placed in oyster spawning areas to provide surface for oyster larvae to 
attach) were captured within these layers and largely exist within the 
Dry Restoration Zone (Fig. 7). 

4. Discussion 

Increased investment in oyster restoration for both conservation and 
harvest requires broad resource-level planning. There is extensive area 
potentially supportive of oyster restoration and aquaculture across 
coastal Louisiana (up to 11,000 km2), limited potentially by water 
bottom type, water quality variables beyond salinity and temperature 
used here, and competing uses including shipping and oil. The identi-
fication of resource zones supportive of oyster restoration across dry and 
wet years and of off-bottom aquaculture may be used to support plan-
ning to ensure sustainability of a network of oyster reefs across zones 
and to support commercial oyster production. The development of these 
oyster resource zones, as a proof-of-concept, for coastal Louisiana (1) 
identifies unique estuarine salinity signatures with salinity variation 
determining sanctuary and aquaculture areas, (2) identifies a potential 
shift in oyster restoration areas with changing freshwater inputs from 
management and climate change, (3) highlights the mismatch between 
static single reef management and shifting optimal oyster zones, and (4) 
suggests potential areas for offshore aquaculture development, and (5) 
identifies the need to better document how intra- and inter-annual 
variation in salinity may impact oyster reef maintenance over time. 

Based on the development of coastwide salinity and temperature 
profiles for a five-year period, unique estuarine salinity signals were 
identified, with salinity variance dominating estuaries impacted by large 
rivers. The inclusion of salinity variance was critical in defining zones 
for broodstock sanctuary reefs and off-bottom aquaculture, as both 

zones call for locations likely to consistently support high oyster survival 
and growth, and the broodstock sanctuary zone also aims for high 
reproduction. In particular, salinity variance, defined here as 2x five- 
year mean SD, and matching the upper range identified in areas of 
oyster growth and survival in past field studies (i.e., La Peyre et al., 
2015; 2013; Rybovich et al., 2016), critically limited the Broodstock 
Sanctuary Zone, which covered only 5% of the identified area suitable 
for oysters. Previous studies and models indicate that variation likely 
plays a critical role in the overall success and population dynamics of 
eastern oysters but is rarely accounted for in habitat suitability or oyster 
population models (Livingston et al., 2000; Beseres Pollack et al., 2021; 
La Peyre et al., 2021). This lack of inclusion of salinity variance 
explicitly in models likely derives from a lack of daily salinity datasets 
across many of our estuaries, and limited studies exploring individual 
oyster or reef response to changing salinity specifically. Salinity vari-
ability plays a large role in the energetic costs oysters face as osmo-
conformers (Lavaud et al., 2017; McCarty et al., 2020). Eastern oysters 
regulate osmolytes through intracellular and extracellular regulation of 
fluids, changes in cell volume, and through closure of their shells under 
extreme water quality conditions (Shumway, 1996). Given predictions 
of increasing variability (Keim et al., 2011; Keim and Powell, 2015) and 
that salinity variability is detrimental to oyster persistence, reliance on 
static broodstock sanctuary reefs may require some flexibility and reli-
ance on oyster populations located up (Dry Restoration Zone) and down 
(Wet Restoration Zone) estuary. 

For restoration purposes specifically, acknowledging the need to 
move from single to networked reefs could better address the fact that 
local oyster populations exist as part of a larger metapopulation 
dependent on the persistence and success of nearby reefs within an es-
tuary (Lipcius et al., 2015; Theuerkauf et al., 2021). At any given time, 
suitable conditions for oysters may shift between different zones, as 
defined within this study. Ensuring reefs exist across this range of con-
ditions helps maintain the overall metapopulation. Interestingly, most 
mapped reefs, and those managed by the state of Louisiana, were found 
to be located within the Dry Restoration Zone (Fig. 6), suggesting in-
vestment in reefs (restoration) within the Wet Restoration Zone may 
help to promote metapopulation persistence through wetter years. The 
metapopulation management approach is based on the idea that one 
zone could subsidize or support reefs in adjacent zones depending on the 

Fig. 7. Oyster resource zones across coastal Louisiana, U.S.A. based on mean salinity parameters from 2015 to 2019 including overlapping resource areas. Areas 
identified by the Louisiana Department of Wildlife and Fisheries as existing reefs and for cultch plants (i.e., substrate placed in oyster spawning areas to provide 
surface for oyster larvae to attach) are included. Map background is from the National Land Cover Dataset (NLCD, 2016). 
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conditions experienced that year (e.g. the Wet Restoration Zone could 
subsidize oyster reefs in the Broodstock and Dry Restoration zones in 
wet years) to allow reefs to persist until they experience suitable con-
ditions. Moving from focused restoration of a single reef to restoration of 
a network of reefs may benefit from planning for both permanent (i.e. 
Broodstock Sanctuary Zone) and dynamic (i.e. Dry and Wet Restoration 
zones) restoration areas (D’Aloia et al., 2019). This approach may allow 
for flexibility in selecting sites, determining restoration success, and 
facilitate oyster resource persistence in the face of changing and variable 
environmental conditions. 

The five-year period used for the coastwide salinity maps was found 
to be significantly fresher than the previous 18 years. The fresher years 
captured in these data (2015–2019) may have shifted the Dry and Wet 
Restoration zones further down-estuary compared to using longer term 
(2002–2019), or older data as evidenced by a slight down-estuary shift 
in comparison to the dry and wet zones for Barataria and Terrebonne 
estuaries in 1998 (Appendix Fig. 2; Melancon et al., 1998). This 
down-estuary shift may explain why existing mapped reefs in Louisiana 
are all located in the Dry Restoration Zone and have had lower than 
average production during these recent years (LDWF, 2018b; LDWF, 
2019; LDWF, 2020a; LDWF, 2021). While this five-year time frame may 
have captured fresher years than historically documented in this region, 
increased precipitation and runoff are predicted in the Gulf of Mexico 
region in future years (Keim et al., 2011; Keim and Powell, 2015) sug-
gesting that the zones determined in this study may represent future 
conditions more accurately than they would with inclusion of 
longer-term historic data. An additional or alternative explanation for 
the observed lower than average production in existing cultch plants and 
public reefs within the Mississippi Delta region may also include the 
high annual salinity variation (4–8) documented in this region, which 
may relate to higher mortality, lower growth, or reduced recruitment to 
the reefs. Understanding how oysters are impacted by variation in 
salinity remains critically important as more salinity extremes and 
higher variation are predicted in the future, emphasizing the importance 
of including salinity variation in the zone definition. With conditions 
changing rapidly, the use of maps forecasting future conditions to 
develop oyster resource zones may be particularly helpful in establish-
ing restoration and aquaculture projects suitable for long-term 
resilience. 

Similar to HSIs and most oyster models, salinity was the primary 
driver of the zones developed in these maps (Lavaud et al., 2017; Wang 
et al., 2017; Puckett et al., 2018; Reisinger et al., 2020; Lindquist et al., 
2021), but other factors such as food availability, temperature, sus-
pended sediments, and hypoxia may all impact oysters, and their in-
clusion may help further refine zones. For example, the area around the 
Mississippi River Delta is generally not suitable oyster habitat due to 
high suspended sediments (Colden and Lipcius, 2015), so zone coverage 
in this region would likely be decreased with the addition of a turbidity 
or sedimentation threshold. Increasing periods of hypoxia may also be 
problematic for suitable areas identified down-estuary and offshore, 
particularly if occurring for extended periods of time or if moving into 
up-estuary areas (Hagy and Murrell, 2007; Rabalais and Turner, 2019). 
Overall, a down-estuary suitability shift can be seen under high fresh-
water input scenarios demonstrated by modeled oyster production 
under scenarios of climate change and river diversions, further sup-
porting that investment in the Wet Restoration Zone may be critical 
(Wang et al., 2017). Although these and other variables may become 
increasingly relevant, these zones overlap with prior outputs of HSIs 
across estuaries (Cake, 1983; Soniat et al., 2013) and match well with a 
similar mapping effort in Barataria-Terrebonne estuaries, with a slight 
but overlapping down-estuary shift in suitability (Appendix Fig. 2; 
Melancon et al., 1998). Additional consideration of logistical constraints 
including distance from shore, bottom type, current technologies, cur-
rent use, and regulatory limitations could also be considered and 
included in future modeling efforts (e.g. bioeconomic spatial modeling), 
as they represent potentially substantial hurdles to development of 

aquaculture and restoration in these zones. A further understanding of 
relationships between oyster population dynamics and environmental 
factors, along with increasing availability of daily data to support 
coastwide interpolations, may allow managers to better define these 
zones. 

Off-bottom aquaculture is a rapidly expanding industry across the 
nGoM, credited with increasing oyster production in many nGoM states 
(Petrolia et al., 2017; Grice and Walton, 2018). While not a dominant 
means of production in Louisiana, increased investment and state sup-
port for the identification and development of aquaculture zones in-
dicates a likely increase in activity (LDWF, 2020a). The Aquaculture 
Zone defined in this study is extensive, and accounts for approximately 
50% of the identified area suitable for oysters. A large portion of the 
Aquaculture Zone identified in this work occurs in off-shore sites, which 
are generally not considered for oyster aquaculture, suggesting a need to 
examine the current approach to aquaculture site selection and for local 
buy-in to considering more off-shore sites. Offshore oyster aquaculture 
exists in other regions (i.e., New Zealand, Southern California, UK, 
France; Cheney et al., 2010; Heasman et al., 2020; Mascorda Cabre et al., 
2021), but the Gulf of Mexico faces frequent and extreme severe weather 
challenges that may be important to consider. Technology modifications 
of gear to address these challenges (e.g., sinking cages and improved 
mooring systems), investment in appropriate boats and other equip-
ment, plus the inclusion of logistical factors such as water depth, dis-
tance from shore, and use of the nearby waterways, in addition to 
regulatory challenges, could be considered for aquaculture development 
(Theuerkauf et al., 2019; Barillé et al., 2020). Offshore areas in 
Vermilion-Teche and Terrebonne basins in the nGOM, where extensive 
oyster reefs were historically present before being mined, may be 
promising for off-bottom aquaculture. 

5. Conclusion 

With competing uses for restoration funding and expenses associated 
with oyster reef restoration and aquaculture establishment in the nGOM, 
the use of spatial planning to inform a comprehensive site selection 
approach provides critical data to promote continued production and 
persistent oyster populations. A move away from single reef or site 
planning, and towards spatial planning would better reflect and account 
for how oysters persist as metapopulations within highly variable hab-
itats. Further investigation into individual oyster and reef maintenance 
tolerance and response to changing salinity, along with further explo-
ration of specific reef locations that facilitate larval connectivity of reefs 
between zones is the next step in implementing this approach for oyster 
reef management and aquaculture development. This spatial planning 
may further be aided through other restoration techniques including 
seeding reefs with low salinity adapted broodstock, use of supplemen-
tary hatchery produced seed especially in broodstock sanctuary areas, 
and long-term evaluation of current restoration efforts. Zones developed 
in this study provide a proof-of-concept for the use of a spatial planning 
moving forward for oyster restoration and production management; the 
use of spatial zones, combined with additional restoration techniques 
identified above may promote efficient and effective restoration and 
aquaculture system establishment. 
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