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Abstract Modeling the distribution and habitat capacities of
key estuarine species can be used to identify hot spots, areas
where species density is significantly higher than surrounding
areas. This approach would be useful for establishing a base-
line for evaluating future environmental scenarios across a
landscape. We developed species distribution models for early
juvenile life stages of brown shrimp (Farfantepenaeus
aztecus), white shrimp (Litopenaeus setiferus), blue crab
(Callinectes sapidus), and spotted seatrout (Cynoscion
nebulosus) in order to delineate the current coastal hot spots
that provide the highest quality habitat conditions for these
estuarine-dependent species in Louisiana. Response curves
were developed from existing long-term fisheries-independent
monitoring data to identify habitat suitability for fragmented
marsh landscapes. Response curves were then integrated with
spatially explicit input data to generate species distribution

models for the coastal region of Louisiana. Using spatial auto-
correlation metrics, we detected clusters of suitable habitat
across the Louisiana coast, but only 1% of the areas were
identified as true hot spots with the highest habitat quality for
nekton. The regions identified as hot spots were productive
fringing marsh habitats that are considered the most vulnerable
to natural and anthropogenic impacts. The species distribution
models identify the coastal habitats which currently provide
the greatest capacity for key estuarine species and will be used
in the Louisiana coastal planning process to evaluate how spe-
cies distributions may change under various environmental
and restoration scenarios.
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Introduction

High primary and secondary productivity stimulated by
plumes from the Mississippi and Atchafalaya Rivers support
ecologically and economically important nekton (fishes and
decapod crustaceans) in coastal Louisiana. Juvenile life stages
of several estuarine-dependent species rely on flooded marsh
edge habitats for survival and growth and then move into
deeper estuarine and shelf waters as they mature and grow
large enough to avoid more predators and search for larger
prey (Baltz et al. 1998; Chesney et al. 2000; Minello et al.
2003; Rozas and Minello 2010; Rozas and Minello 2015;
Zimmerman et al. 2000). However, marshes in coastal
Louisiana have shown extensive loss as a result of subsidence,
storms, human modifications to the Mississippi River, and
other natural and anthropogenic influences (Blum and
Roberts 2012; Day et al. 2011), resulting in differing hypoth-
eses on how fisheries may respond in the future (Cowan et al.
2008). As Louisiana enacts large-scale management plans
in the region to restore and protect ecosystems (e.g., The
Louisiana Comprehensive Master Plan for a Sustainable
Coast [herein as Louisiana Master Plan], (CPRA 2012),
modeling current species distributions and habitat capaci-
ties is needed to identify significant productive areas and
to establish a baseline for evaluation of future scenarios
across the coast.

Habitat Suitability Index (HSI) models have a long and
wide history of use for describing the capacity of aquatic hab-
itats to support key nekton (U.S. Fish and Wildlife Service
1980). They have also been used in determining ecological
impacts (Kapustka 2005; Rand and Newman 1998) and de-
fining essential or important habitats in restoration studies
because they are simple to construct and communicate, and
are solidly supported by species life history information and
presence-absence data (Barnes et al. 2006; Barnes et al. 2007).
HSI models consist of simplified (usually trapezoidal) rela-
tionships that relate key environmental variables to the quality
of the habitat for the species. The individual relationships for
each environmental variable, termed suitability indices (SI),
are standardized on a 0 to 1 scale with 1 being the most fa-
vorable conditions and 0 being unsuitable. The relationships
may be developed from observations of species presence or
abundance sampled over a range of environmental predictor
variables. In this way, species presence or abundance (typical-
ly as catch per unit effort [CPUE]) is assumed to be already
constrained by biotic interactions, limiting resources (i.e., re-
alized Hutchinsonian niche), and suitable environmental con-
ditions (i.e., fundamental Grinellian niche), as described by
Guisan and Thuiller (2005) and Pulliam (2000). The

integration of HSIs with spatially explicit inputs in a geo-
graphic information system (GIS) framework can then be used
to produce species distribution models (SDMs), a form of
static, comparative models used in lieu of mechanistic models
of growth and survival to explain patterns of species occur-
rence and investigate their response to environmental change
(Corsi et al. 2000; Guisan and Zimmermann 2000).

SDMs have been increasingly used in coastal systems to
gain insights to species distributions across habitats and envi-
ronmental gradients (e.g., Elith and Leathwick 2009;
Froeschke and Froeschke 2011; Froeschke and Froeschke
2016; Rubec et al. 2016a; Rubec et al. 2016b; Starke et al.
2011). The development of SDMs for estuarine nekton re-
quires consideration of their complex life histories that result
in differential use of vegetated and open water habitats by life
stage or size (Able 2005). The quantity and quality of suitable
habitat are also driven by seasonal and interannual variation in
environmental conditions within the estuary (Baltz and Jones
2003). Although individual SDMs promote understanding of
species distributions across landscapes, aggregating species-
specific SDMs into ecologically similar or economically rele-
vant groups can help to summarize nekton community habitat
requirements for coastal systems. Hot spot analysis of these
aggregated groups over space can aid in identifying suitable
habitats for multiple species with similar habitat requirements.
Hot spots are spatially explicit areas where an observation or
process differs from the surrounding areas. Identification of
hot spots contributes towards understanding ecological pro-
cesses that generate the typical and atypical patterns in species
distributions (Nelson and Boots 2008). Hot spot analysis has
been used to identify locations that contain rare or endangered
species (Flather et al. 1998; Kissling et al. 2007; Prendergast
et al. 1993), abundant taxa (Cocu et al. 2005; Nelson and
Boots 2008), or areas that support high species richness
(Gaston and David 1994; Gould 2000; Pittman et al. 2007).
Application of hot spot analysis to SDMs for ecological and
economically important nekton of coastal Louisiana is needed
for identifying the important habitats for multiple species and
for effectively tracking the changes in these identified areas
over time.

In coastal Louisiana, large-scale numerical modeling anal-
yses are currently being used to inform the Louisiana Master
Plan by evaluating various environmental scenarios (e.g., sea
level rise) and testing different combinations of coastal protec-
tion and restoration projects over the next 50 years in order to
predict how coastal conditions may change (CPRA 2012). The
Louisiana Master Plan is updated every 5 years and includes
models that represent hydrologic, water quality, vegetation,
and key fish and shellfish populations and communities.
Here, we present the two-stage approach for developing new
SDMs for the LouisianaMaster Plan and using them to identify
important coastal habitats for commercially and ecologically
important early juvenile stages of nekton. Long-term fisheries-
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independentmonitoring data were used to developHSIs for the
early juvenile life stages of brown shrimp (Farfantepenaeus
aztecus), white shrimp (Litopenaeus setiferus), blue crab
(Callinectes sapidus), and spotted seatrout (Cynoscion
nebulosus). The HSI models were dynamically coupled with
the Louisiana Master Plan modeling framework to create a
spatially explicit coastwide aggregated SDM. Geospatial anal-
ysis of the aggregated SDMwas then used to identify estuarine
hot spots representative of shared habitat usage and peak in-
tensity of suitable habitats. The outcomes of our study define
specific areas of significance for the coastal planning process
under existing environmental conditions.

Methods

Developing Response Curves for the Early Juveniles
in Coastal Marshes

Response curves were constructed using catch data of early
juvenile stages collected by the Louisiana Department of
Wildlife and Fisheries (LDWF) long-term fisheries-independent
coastal monitoring program. LDWF personnel use 15.24-m bag
seines to sample small juvenile shrimps, crabs, and fishes
monthly to twice per month by collecting a single sample at
each site in shallow shoreline and marsh edge habitats (Fig. 1).
The seines are deployed perpendicular to the vegetated shoreline
in the shallow (≤1.5 m) soft-bottom habitat. The ends of the
seine are affixed to posts set 15.24 m from each other at the
shoreline or edge; the seine net is dropped 100 m from the
shoreline and then two boats reverse from the posts to pull the
seine net into themarsh edge (LDWF2002). The number of fish
and invertebrate species collected in the net is recorded and
individual lengths and weights are measured for a subsample
of up to 50 individuals per species. CPUE for brown shrimp,
white shrimp, blue crab, and spotted seatrout was estimated as
total catch at each sample event from 1986 to 2014.

An exploratory analysis of the seine data was performed to
determine seasonal use of the marsh edge habitat and size range
of each species sampled. We estimated the mean monthly CPUE
for each year from all samples to determine when each species
moves into the estuary to settle in the marsh habitats (Online
Resource 1). The species-specific datasets were subset to the
months of consistently high catch (Table 1) to construct response

curves that reflect the habitat conditions experienced by each of
the species when they were present in the marsh habitats and
eliminate false zeros in the CPUE data for time periods when
early juveniles were not present. Length-frequency distributions
of the species were plotted for the months of peak occurrence
(Online Resource 2) to determine the range and median size of
individuals and to confirm that seines were collecting species
representative of the early juvenile life stage. The early juvenile
life stage is defined as including the size range (measured in total
length = TL or carapace width = CW) between newly metamor-
phosed juveniles and juveniles large enough to beginmoving out
of shallow marsh edge habitats and into deeper estuarine waters.
Table 1 lists the size range that represents the early juvenile life
stage for each species defined in the literature (e.g., Ditty and
Shaw 1994; Lassuy 1983; Minello 1999; Patillo et al. 1997).

LDWF personnel measure salinity and temperature at the
top and bottom of the water column at each seine sample site
(LDWF 2002, Fig. 1). Inspection of the data revealed minimal
differences between these measurements because the samples
from the shoreline or vegetated edge were taken in shallow
(<1.5 m) water. The average of these two measurements was
used for each sample site.

The CPUE data for each species were natural log trans-
formed (ln [CPUE + 1]) to help meet the assumptions of
homogeneous variance and heteroscedacity for multiple re-
gression analysis of the CPUE with salinity and tempera-
ture. Polynomial regression was used to accommodate cur-
vature in the CPUE response and account for interactions
between salinity and temperature. Visual inspection of di-
agnostic plots (e.g., residuals versus predicted values and
QQ plots of residuals) to assess homogeneity of variance
and linearity of the model revealed the natural log transfor-
mation worked generally well to meet the assumptions of
the regression analysis.

Salinity and temperature terms, including linear, polynomi-
al, and their two-way interactions, that explained the CPUE
for each species at an alpha = 0.05 were selected using PROC
GLMSelect (SAS Institute Inc. version 9.4). General linear
models were then generated for this reduced set of significant
effects for each species using SAS PROC MIXED. The
resulting polynomial regression model describes the early ju-
venile ln(CPUE + 1), VS where S is species, in terms of all
significant effects (p < 0.05) from salinity (S) and temperature
(T), their squared terms, and their interactions as follows:

Vbrownshrimp = 1.33615 + 0.22030(S) + 0.02229(T) – 0.00629(S2) + 0.00054(T2) – 0.00007(S*T2)
Vwhiteshrimp = 2.41242 – 0.03471(S) + 0.009624(T) + 0.01385(S*T) – 0.00264(S2) – 0.00115(T2)-0.00034(S*T)
V bluecrab = 0.65264 – 0.03677(S) + 0.06561(T) + 0.000312(S2) – 0.00182(T2)
Vspottedseatrout = − 0.20458 + 0.0251(S) + 0.07216(T) – 0.00077(S2) – 0.00000085(S2*T2) – 0.00168(T2)

The regression equations were standardized to a 0–1 scale
to provide a water quality suitability index function,WQs, that

can be used with other standardized SIs to generate an overall
HSI for the early juvenile stage of each species. Polynomial
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response functions were standardized by dividing the predict-
ed response variables (VS) by the maximum predicted values
from the surface responses. The maximum predicted VS for
each species was found by running the polynomial model
through combinations of salinity and temperature that fall
within the observed ranges. The maximum response values
were 3.51 for early juvenile brown shrimp, 3.25 for early
juvenile white shrimp, 1.24 for early juvenile blue crab, and
0.71 for juvenile spotted seatrout.

An additional SI was developed to represent the marsh edge
and shallow shoreline habitat at each seine sample site. The SI
for marsh vegetation (Vm) wasmodeled fromMinello andRozas
(2002) using the percent of emergent marsh vegetation versus
open water within a specified geographic area. The same SI for
marsh vegetation was used for each species assuming all four
species similarly access and use the shallow marsh habitat and
gain the same benefits. The highest Vm score (1.0) for each
species is assigned when marsh vegetation comprises between
25 and 80% of the area (Fig. 2). Vegetated marsh between 25
and 80% is correlated to high amounts of marsh edge which
have been shown to support higher densities of penaeid shrimps
and blue crab compared to solid unfragmented marsh and open
water (Minello and Rozas 2002). Vm predicts habitat capacity to
decrease linearly as marsh vegetation decreases below 25% and
converts to open water or increases beyond 80% towards solid
marsh (Fig. 2).

The suitability response index for salinity and temperature
and the suitability index for the percent marsh vegetation were
combined. An overall HSI score was thereby generated for the
early juvenile stage of each species as follows:

HSIS = (WQS * VM)
0.5

Model Coupling and SDMs

The application of HSIs as an SDM for the entire coast re-
quired spatially explicit input data to generate HSI scores for
the four early juvenile stages of species across coastal
Louisiana. The data used as inputs to generate HSI scores
(salinity, temperature, percent emergent marsh vegetation)
were produced by a coastwide mass-balance model designed
for running 50-year simulations, the Integrated Compartment
Model (ICM), for the Master Plan (Meselhe et al. 2015). The
ICM serves as the central modeling platform for the Louisiana
Master Plan and was developed by dynamically coupling
three pre-existing models of the coastal Louisiana environ-
ment (i.e., hydrodynamic, vegetation, morphology) into one
modeling framework. Hydrodynamic data were modeled
using a mass-balance link-node model, with the offshore
Gulf of Mexico region defining the tidally bounded down-
stream condition and upstream boundary conditions
consisting of freshwater sources (e.g., tributaries and

Fig. 2 The suitability index depicting the response of these species to the
percent of emergent marsh vegetation in a 500 m × 500 m grid cell

Fig. 1 Station locations for the
15.24-m bag seine samples
collected by the LDWF
bimonthly, monthly, and quarterly
throughout coastal Louisiana.
LCMP refers to the Louisiana
Coastal Master Plan modeling
boundary for which spatially
explicit input data were available

Table 1 Early juvenile stage of species collected in 15.24-m bag seines
sampled in shallow shoreline and marsh edge habitats

Early juveniles Median size Size range Months of peak CPUE

Brown shrimp 53 mm TL 20–80 mm TL April–June

White shrimp 47 mm TL 20–80 mm TL June–Nov

Blue crab 15 mm CW 3–40 mm CW Jan–March, Aug–Dec

Spotted seatrout 60 mm TL 12–120 mm TL Sept–Nov
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Mississippi River distributaries). Environmental drivers such
as precipitation, evapotranspiration, winds, temperatures, and
tide levels were the primary data used to drive the hydrody-
namic model. The hydrodynamic model output was linked
directly to the morphological and vegetation models that pre-
dicted the amount of open water to land and the relative suc-
cess or mortality of vegetation species based on statistical
relationships of survival due to salinity and water level vari-
ability. Vegetation species were grouped into predominant
vegetation types for every 500 m × 500 m grid cell, either
fresh forested wetlands, fresh herbaceous marsh, intermediate
herbaceous marsh, brackish herbaceous marsh, saline herba-
ceous marsh, upland, or bare ground. The ICM was calibrated
for 2010–2013 and validated against observed data for 2006–
2010. Additional details on the development of the ICM, cal-
ibration, and validation can be found in a series of technical
reports (Meselhe et al. 2015 and attachments therein).

In our study, mean monthly salinity and temperature and
annual emergent marsh vegetation (includes all simulated
marsh vegetation types from the vegetation model and ex-
cludes upland and bare habitats) and open water area were
extracted from the 2011, 2012, and 2013 calibration periods
of the ICM at the 500 m × 500 m grid cell resolution to
represent present-day conditions and account for interannual
variability associated with model output. For each year, mean
monthly salinity and temperature outputs were averaged over
the species-specific months of occurrence (Table 1) analyzed
in the polynomial regressions. The species-specific mean sea-
sonal salinity and temperature were then used as inputs for the
standardized equations to calculate each WQS index for each
500 m × 500 m cell in each year. The area of marsh vegetation
in each grid cell for each year was used to calculate the Vm
index. For fresh forested wetlands, the Vm index was assigned
a default score of 0 as the four species were not sampled in that
habitat. The geometric mean of the two indices was then used
to generate an HSI score for the early juvenile life stage of
each species for the years 2011, 2012, and 2013. Exploratory
analysis of the mean salinity and temperature conditions for
those years revealed minimal differences among years; thus, a
3-year average of the HSI for each species was used as a
representation of their habitat capacity for present-day
conditions.

Hot Spot Analysis

The species-specific annual HSI scores resulting from the
mean seasonal (Table 1) salinity and temperature and annual
percent marsh vegetat ion were summed for each
500 m × 500 m grid cell to create an aggregate score for the
four species (i.e., one score per cell). The Local Moran’s I and
Getis-Ord Gi* statistics were used to measure spatial autocor-
relation of the aggregated scores among cells (Anselin 1995;
Ord and Getis 1995). Local Moran’s I measured similarity of

aggregated HSI values between a grid cell and its neighboring
cells. The statistic was used to identify significant high-high
clusters, i.e., high scores surrounded by other high scores, and
significant low-low clusters, i.e., low scores surrounded by
other low scores, as an indication of shared habitat usage
among species. A 1-km Euclidian distance band was applied
to the Local Moran’s I to ensure each cell had one neighbor to
test for similarity in neighboring features. Similarly, the
Getis-Ord Gi* statistic identified significant clusters of either
high or low aggregated HSI scores for a grid cell and its
neighboring cells. The Gi* statistic differed from Local
Moran’s I in that the sum of scores within a cluster were then
compared proportionally to the sum of scores across all grid
cells (i.e., the coastwide mean). The statistic identified the
significant peak intensities of scores, or Bhot spots,^ for a grid
cell and neighboring cells relative to all cells combined.
Likewise, Bcold spots^ were clusters of grid cells that pos-
sessed the significantly lowest scores relative to all other cells.
Therefore, the Gi* statistic identified the areas across the
Louisiana coast that have the highest (hot spot) and lowest
(cold spot) habitat suitability for early juvenile life stages of
the estuarine-dependent species. The detection of hot spots
can vary in response to the scale of the spatial analysis
(Palmer and White 1994). As a result, the Getis-Ord Gi* test
was run at different spatial scales by testing five distance
bands (1-, 5-, 10-, 15-, and 25-km length) to evaluate peak
intensities within the context of neighboring cells and relative
to all cells combined. For both the Local Moran’s I and Getis-
Ord Gi*, inverse distance squared methods were applied such
that the closest neighbors to a cell exert greater influence on
the statistic, and the influence decreases sharply as the dis-
tance of the neighboring cells increases. z scores were used
to represent the statistical significance of the spatial autocor-
relation between a cell and its neighboring cells. z scores <
−1.96 or >1.96 were considered significant at alpha of 0.05.
Negative z scores refer to low-low clusters and cold spots,
while positive z scores refer to high-high clusters and hot
spots.

Results

Species Response to Environmental Conditions in Marsh
and Open Water

Juvenile brown shrimp had the highest suitability at salinities
of 10–15 and warm temperatures (>20 °C); the temperature
range was indicative of the late spring-early summer months
(Fig. 3). At cooler temperatures (<20 °C), the suitability func-
tion showed a slightly steeper rate of decline as salinity de-
creased below 10 or increased above 15 (Fig. 3). The highest
suitability index score for juvenile white shrimp was detected
at slightly higher salinities (18–22) and cooler temperatures
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16–20 °C (Fig. 3) than juvenile brown shrimp. A strong tem-
perature and salinity interaction was detected for juvenile
white shrimp; the suitability function sharply decreased as
both salinities and temperatures increased. The early juvenile
blue crabs that overwinter in the shallow estuaries had the
highest suitability in low-salinity waters, and suitability de-
creased as salinity increased (Fig. 3). The early juvenile spot-
ted seatrout present in the fall had the highest suitability at a
similar salinity range as the brown shrimp (13–18) and tem-
perature around 18–22 °C (Fig. 3).

Hot Spot Detection

The aggregated SDMs had the lowest scores in the upper
reaches of the estuaries (Fig. 4, top panel), which included
non-fragmented marsh, forested wetlands, and low salinity.
Moving down the estuaries towards the Gulf of Mexico, a
transition from low to high scores was evident for the fringing
marshes of the mid and low estuaries that have a high degree
of fragmentation and brackish salinities. Moderate scores were
observed coastwide in the open water bays and coastal waters
extending beyond the barrier islands. The Local Moran’s I
statistic detected significant spatial clusters of low and high

habitat suitability scores along the coastline (Fig. 4, middle
panel). Large bands of fringing marsh in the mid and lower
estuaries were identified as significant high-high clusters (i.e.,
grid cells with high suitability adjacent to other grid cells with
high suitability). Most of the significant low-low clusters were
detected for interior fresh marshes or fresh forested wetlands,
areas along the coast, or in areas with unfragmented (solid)
marsh on constructed barrier islands and sand bars (Fig. 4,
middle panel). The Getis-Ord Gi* detection capability was
scale-dependent; significant hot and cold spots were detect-
able in select areas across the coast only with distance bands
≥15 km (Fig. 4, bottom panel and Fig. 5). The habitat suitabil-
ity scores for grid cells and their neighboring grid cells at these
larger distance bands were found to be significantly higher
(hot) than the mean of all areas along the Louisiana coast
(Fig. 4, bottom panel). At smaller distance bands (<15 km),
hot spots could not be detected against the coastwide mean
within the 95% confidence interval (Fig. 5). Although Local
Moran’s I indicated high-high clusters of cells within the
smaller distance band (Fig. 4, middle panel), the statistic does
not compare the scores to the coastwide mean, as is done in
the Getis-Ord Gi* statistic. At the largest distance band of
25 km, only 1% of the coast was classified as a significant

Fig. 3 Standardized surface
response depicting the predicted
suitability index (0–1) for all
species in relation to salinity and
temperature
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hot spot (Fig. 5). These areas were characterized by grid cells
with the highest habitat suitability for the species aggregate
(Fig. 6, top panel), with brackish salinity, temperatures around
23–24 °C, and a high degree of marsh fragmentation showing
about 30–60% marsh vegetation for a given area (Fig. 6). The
cold spots identified at the 25-km distance band were com-
prised of grid cells with zero salinity (fresh water) and primar-
ily consisted of nearly solid marsh or fresh forested wetlands
with very little open water habitat (Fig. 6).

Discussion

The role of salinity and temperature in defining the distribu-
tion of species within estuaries is complex (Rozas et al. 2005).
Selection of habitats is determined not only by the species
physiological preferences and tolerances, but also efforts to
minimize predation risk, and the quality and availability of
prey to maximize growth potential (e.g., Dunson and Travis
1991; Huey 1991; Lima and Dill 1990; Martin 2001; McIvor
and Odum 1988; Werner et al. 1983). As a result, large ranges
of salinity and temperature preferences by life stage are report-
ed for the four species analyzed in our study (Clark et al. 2004;
Flaherty and Guenther 2011; Froeschke and Froeschke 2011;
Minello 1999; Patillo et al. 1997; Rozas and Minello 2011;
Thomas 1999). For instance, the dome-shaped salinity and

temperature response for juvenile brown shrimp is consistent
with preferences previously reported in the literature
(Adamack et al. 2012; Foret et al. 2003; Rozas and Minello
2011; Patillo et al. 1997) and also supports earlier HSI models
developed for juvenile brown shrimp (Baltz 2012; Turner and

Fig. 4 Results of a aggregated
SDM scores for early juvenile
brown shrimp, white shrimp, blue
crab, and spotted seatrout, b
significant clusters identified by
the Local Moran’s I statistic at the
1-km scale, and c significant hot
spots identified by the Getis-Ord
Gi* at the 25-km scale.
Significance was attributed to
p < 0.05. Hot spots are located in
Terrebonne Bay (1), Barataria
Bay (2), and Biloxi Marsh (3)

Fig. 5 Cumulative probabilities of Getis-Ord Gi* z scores calculated for
different distance bands applied to the aggregated SDM scores in coastal
Louisiana. Vertical reference lines mark one standard deviation used for
significance testing. Shaded areas in gray denote where the probability
function of the largest distance band, 25 km, intersected the vertical
reference lines and indicate the total proportion of all grid cells that are
statistically significant hot or cold spots at alpha = 0.05

Estuaries and Coasts



Brody 1983). Others have reported high densities or relative
preferences of juvenile brown shrimp in salinities >15 (Clark
et al. 1999; Clark et al. 2004; Doerr et al. 2016; Longley 1994;
Minello 1999), while some studies using abundance data have
found high densities at low salinities (Thomas 1999). Seasonal
timing of juvenile brown shrimp migrations in and out of the
estuaries along the northern Gulf of Mexico, the use of differ-
ent gear types and periods of collection, as well as species
accessibility to different habitats within the estuaries could
also describe the differences in apparent salinity preferences.
However, the LDWF seine data used in our study were subset
to the months when the highest abundances of early juvenile
brown shrimp are present in Louisiana coastal marshes.

The predicted highest suitability of salinity and temperature
for juvenile white shrimp was similar to the combined suit-
ability reported in tidal marsh creeks in Georgia (Webb and
Kneib 2002) and marshes of the northern Gulf of Mexico

(Baker and Minello 2010; Rozas and Minello 2010). As with
brown shrimp, some discrepancies exist in the literature with
regards to apparent salinity preference of white shrimp.
Juvenile white shrimp abundance has been reported to be high
in low-salinity waters (Sable and Villarrubia 2011; Thomas
1999); other studies have not found a significant relationship
between salinity and white shrimp preferences (Clark et al.
1999; Doerr et al. 2016). Marsh complexity may be more
important than salinity in explaining the variation in their dis-
tribution (Webb and Kneib 2002).

Blue crabs are considered euryhaline and like white shrimp
may spend their entire life cycle within Louisiana estuaries.
Similarly, spotted seatrout generally spend their entire life cy-
cle in inshore coastal waters within and near their natal estuary
(Comyns et al. 2008; Saucier and Baltz 1993; Wagner 1973);
less than 30% of the adult populationmoves between estuaries
(Callihan et al. 2013; Hendon et al. 2002; Killiam et al. 1992).
The response functions for both species agreed with the liter-
ature. Juvenile blue crab abundance is typically the highest in
low-salinity waters (Flaherty and Guenther 2011; Patillo et al.
1997; Rozas and Minello 2006; Sable and Villarrubia 2011),
and the highest suitability on the response surface fit to the
LDWF CPUE data was also found in low salinities (<5).
Likewise, our salinity suitability ranges and dome-shaped re-
sponse fit to juvenile spotted seatrout CPUE also agrees well
with the bell-shaped response function for seatrout described
by Kupschus (2003) and Froeschke and Froeschke (2011).

Modeling species distribution is confounded by the fact
that many species regularly occur in unsuitable habitat, while
oftentimes, species are absent in otherwise suitable habitats
(Pulliam 2000). This pattern was observed in the LDWF
long-term dataset where a proliferation of zero CPUE values
were observed under suitable salinity and temperature condi-
tions while high catches were apparent at the extreme ends of
the salinity and temperature conditions. These apparent data
anomalies could be due to other environmental variables not
included in the current HSIs such as tides (water levels) or
climatic events that can affect the timing of migration and
settlement location of juveniles in estuaries (Piazza et al.
2010). Changes in water levels influence the timing and de-
gree of marsh flooding and ultimately, whether densities of
nekton will be concentrated along the marsh edge or on the
marsh surface (i.e., out of reach of the sampling gear; Peterson
and Turner 1994). The analysis generally accounted for the
seasonal timing of the early juveniles settling in the shallow
shoreline and marsh habitats of the estuaries, but there is still
interannual variation in environmental conditions as well as
timing of recruitment that is not accounted for in the data
analysis. For instance, recruitment into suitable habitat may
be limited by factors occurring during early life stages, such as
community interactions (e.g., predator-prey interactions) or
abiotic factors that influence the number of offspring pro-
duced (Etherington and Eggleston 2000; Garvey et al. 2002;

Fig. 6 Box plot of cumulative HSI scores, salinity, temperature, and
percent emergent vegetation for areas identified by Getis-Ord Gi* as
hot and cold spots. Dashed line indicates mean; solid line indicates
median; points represent 5th and 95th percentiles; sample size
(n) = 2913 for hot spots; n = 13,650 for cold spots
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Haas et al. 2001; Kneib 1997). Alternatively, source-sink
theory suggests that unsuitable habitats serve as sinks if
immigration from source areas is sufficiently high (Crowder
et al. 2000; Dunning et al. 1992). Nonetheless, the response
curves and spatially integrated SDM agree well with the
habitat preferences and known distributions of these four
species.

We assumed all emergent marsh vegetation was function-
ally equivalent and provided the same habitat capacity for the
early juvenile life stage of all the species in this analysis. This
general assumption and suitability function (Fig. 2) for the
early juvenile life stage of these four estuarine-dependent spe-
cies that are highly abundant in Louisiana coastal estuaries is
well supported by over 30 years of observations and habitat
comparisons (Baltz et al. 1998; Beck et al. 2001; Chesney
et al. 2000; Minello 1999; Minello et al. 1994; Minello et al.
2003; Peterson and Turner 1994; Rozas and Minello 1998;
Rozas and Minello 2010; Rozas and Reed 1993; Rozas and
Zimmerman 2000; Zimmerman et al. 2000; Zimmerman and
Minello 1984).

The spatial analyses of the aggregated SDM identified
clusters of high suitability for fringing marshes (typical
salinity range of 5 to 20) characterized by shallow, turbid
waters, micro-tidal ranges (∼30 cm), and complex substrate
and micro-topography from Spartina stems and rhizomes
(Chesney et al. 2000). Rozas and Minello (2010) and Mace
and Rozas (Population dynamics and secondary production of
juvenile white shrimp (Litopenaeus setiferus) along an
estuarine salinity gradient, unpublished) have similarly
characterized marshes in the brackish and saline zones of
estuaries to be the zones of highest shrimp abundance.
Peak intensities (i.e., hot spots) of aggregated SDM scores
were detected for three regions within Terrebonne Bay,
Barataria Bay, and Biloxi Marsh (Fig. 4) that have histor-
ically been known for, or designated as, highly productive
nursery grounds for penaeid shrimps, blue crab, and early
juvenile stages of fish species such as spotted seatrout,
Atlantic croaker (Micropogonias undulates), and red drum
(Scianops ocellatus) (Baltz et al. 1993; Brown et al. 2013;
Minello 1999; O’Connell et al. 2009; Rozas and Minello
2010; Rozas and Reed 1993). These regions are also some
of the most rapidly changing wetland areas in coastal
Louisiana (Couvillion et al. 2011) and are currently within
areas targeted for mid- to large-scale river diversions and
marsh restoration projects by the Louisiana Master Plan
(CPRA 2012). The general agreement between the report-
ed literature and this current SDM, which only accounts
for salinity and temperature conditions in marsh edge
habitats, supports its use as a simplified tool to evaluate
whether annual changes in the distribution of the early
juvenile stage of these four species may occur in response
to proposed restoration projects, as well as sea level rise
scenarios and other climate change effects.

Conclusions

Long-term fisheries-independent monitoring data were used
to develop nonlinear response curves and describe habitat
suitability for the early juvenile life stage of brown shrimp,
white shrimp, blue crab, and spotted seatrout given the tem-
perature and salinity conditions in the Louisiana coastal
marshes. Integrating the response curves with spatially explic-
it data resulted in an aggregated SDM that represents a relative
suitability for juveniles of these species across coastal habitats.
As part of the Louisiana Master Plan, 50-year simulations will
be run to examine the SDM response to environmental sce-
narios, such as sea level rise, and restoration actions. The
outcomes of this research determined coastal regions of sig-
nificance for key nekton and will assist in establishing a base-
line of species distributions for this large-scale coastal plan-
ning process. The spatial autocorrelation metrics can also be
applied to future simulated SDM to detect clusters and hot
spots of habitat suitability under future scenarios of environ-
mental change and to examine whether current hot spots shift,
disappear, or are newly detected across a changing landscape.
Our method to identify significant hot spots of highly produc-
tive nursery grounds is a novel approach that can be used to
indicate how groups of species may shift under future climate
and restoration scenarios.
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