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Long-Term Seagrass Decline and Spatial Reorganization of Blue Crabs in the Indian River Lagoon
Jackson L. Evans, Hyun J. Cho

Department of Integrated Environmental Science, Bethune-Cookman University, 640 Dr Mary McLeod
Bethune Blvd., Daytona Beach, FL 32114
Abstract
The Indian River Lagoon (IRL), one of North America’s most biodiverse estuarine systems, has
undergone extensive ecological restructuring following widespread seagrass loss associated with nutrient
enrichment, the 2011-2012 superbloom event, and recurrent harmful algal blooms. Because blue crabs
(Callinectes sapidus) depend on structured and spatially continuous estuarine habitats during early
development, we examined whether long-term habitat loss was associated with changes in the spatial
organization of blue crabs across the lagoon. Using long-term fisheries-independent monitoring data from
the Florida Fish and Wildlife Conservation Commission and seagrass survey data from the St. Johns
River Water Management District, we quantified relationships among blue crab relative abundance, body
size, habitat cover, and climatic variability. Long-term trends indicated overall declines in both summer
seagrass percent cover and mean blue crab carapace width, although these changes were characterized by
substantial temporal variability and marked shifts after 2011. Low bottom-vegetation cover habitats
contained smaller and less abundant crabs than highly vegetated areas. Following the 2011-2012 seagrass
decline, blue crab populations became increasingly spatially reorganized, with persistent low-density
regions emerging in the northern region of the lagoon and areas of elevated blue crab relative abundance
concentrated in the southern lagoon. Empirical orthogonal function analysis of long-term seagrass cover
data showed that a single basin-wide mode explained 64.8% of habitat variability and corresponded with
rainfall variability and regional climatic oscillations. Although local water-quality variables explained
relatively little variation in blue crab abundance, blue crab abundance and size structure remained
strongly associated with vegetated habitat availability. These findings suggest that seagrass loss and
habitat restructuring were associated with large-scale spatial reorganization of blue crabs. Because
movement among habitat patches was not measured directly, connectivity is interpreted here as the spatial
continuity and persistence of vegetated nursery habitat rather than demographic or dispersal connectivity.

Abstract word count: 294

Keywords: spatial reorganization, blue crab, nursery habitat, seagrass decline, climate variability, Indian
River Lagoon

Introduction

Estuaries function as interconnected habitat mosaics in which ecological connectivity influences the
persistence, productivity, and resilience of estuarine-dependent species (Elliot & Whitfield, 2025;
Woodland et al., 2019). Many estuarine organisms rely on multiple habitats throughout their life cycle,
linking offshore, nearshore, and estuarine environments through ontogenetic migrations and trophic
interactions (Sheaves, 2009). Because of this, changes in habitat distribution and continuity can alter
ecological processes that support estuarine productivity (Peterson, 2003). Consequently, habitat loss has
emerged as a major concern in coastal ecosystems experiencing increasing anthropogenic and climatic
pressures (Thrush et al., 2008).
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The blue crab, Callinectes sapidus, is a commercially and ecologically important estuarine-dependent
species that supports multimillion-dollar fisheries throughout the western Atlantic Ocean (Cheng et al.,
2022). Additionally, blue crabs function as important mesopredators within estuarine food webs (Hines et
al., 1990). Their life cycle depends on connectivity among coastal and estuarine habitats. Adult females
migrate to high-salinity waters to spawn, after which larvae are transported offshore and develop as
plankton (Avyle & Fowler, 1984). Successful recruitment depends on water movement processes,
including tides and coastal currents, that transport larvae back into estuaries (Forward et al., 2003). As
juveniles transition to a nektonic lifestyle, they recruit into shallow vegetated nursery habitats where
survival and growth are strongly influenced by habitat structure and refuge availability (Hines et al.,
1995).

Vegetated habitats play a particularly important role during the juvenile and adolescent life stages.
Seagrass meadows provide refuge from predation, support abundant prey resources, and enhance
abundance, survival, and recruitment relative to unvegetated substrates (Wilson et al., 1990; Perkins-
Visser et al., 1996; Hovel & Lipcius, 2001; Hovel & Fonseca, 2005; Hyman et al., 2023). However,
nursery function depends not only on the presence of vegetated habitat but also on its spatial continuity
across the landscape. Experimental and field studies have demonstrated that restructuring of seagrass
habitat can reduce survival and recruitment potential by increasing predator exposure and disrupting
refuge availability (Hovel & Lipcius, 2001, 2002; Mizerek et al., 2011). As a result, large-scale changes
in the distribution and continuity of vegetated habitats have the potential to reorganize blue crab
populations across estuarine landscapes by altering the availability and spatial arrangement of nursery
habitat. In this study, nursery-habitat continuity refers to the spatial continuity and persistence of
vegetated nursery habitats across lagoon regions, rather than direct larval dispersal connectivity. Direct
larval dispersal and demographic exchange among habitat patches were not measured.

The Indian River Lagoon (IRL), Florida, is one of the most biodiverse estuarine systems in North
America and provides a useful system for examining how large-scale habitat change is associated with
estuarine nursery habitat continuity. The lagoon has undergone substantial ecological change in recent
decades associated with nutrient enrichment, recurrent harmful algal blooms, and widespread seagrass
loss (Barile, 2018; Freeman et al., 2019; FDEP, 2018). One of the most consequential disturbances
occurred during the 2011-2012 “superbloom” event (St. Johns River Water Management District
[SJRWMD], 2012), when prolonged phytoplankton blooms reduced water clarity and contributed to
extensive seagrass mortality throughout portions of the lagoon. Assessments have estimated that
approximately 58% of seagrass habitat, representing nearly 19,000 hectares, was lost between 2011 and
2019 (Morris et al., 2022). Similar responses have been documented in estuaries worldwide, where
eutrophication promotes phytoplankton and macroalgal proliferation while reducing seagrass persistence
through light limitation (Duarte et al., 1995; Sfriso et al., 2003; Waycott et al., 2009).

Nutrient enrichment can vary in response to changing climatic and hydrologic conditions. In Florida,
rainfall patterns are strongly affected by the El Nifio-Southern Oscillation (ENSO), which can alter
freshwater inflow, nutrient delivery, and estuarine environmental conditions (Schmidt et al., 2001;
Beckage et al., 2003). El Nifio phases are generally associated with wetter conditions across peninsular
Florida, increasing watershed discharge and nutrient transport to estuaries, while La Nifia phases are
typically associated with drier conditions and reduced freshwater inflow (Schmidt et al., 2001). Shifts in
rainfall patterns change stormwater-driven freshwater inflow from the watershed, which influences
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salinity regimes, nutrient inputs, and estuarine water quality. Elevated nutrient loading can stimulate
harmful algal blooms (HABs), particularly in estuaries characterized by restricted flushing and long water
residence times (Duarte et al., 1995; Barile, 2018; Freeman et al., 2019). These blooms reduce light
availability through increased phytoplankton biomass and turbidity, limiting photosynthesis and
contributing to declines in submerged aquatic vegetation (SAV), including seagrasses, that depend on
adequate light penetration for growth and persistence (Duarte et al., 1995; Waycott et al., 2009). Because
seagrass abundance is strongly influenced by environmental conditions such as salinity shifts and nutrient
loading, climate-mediated hydrologic variability has the potential to alter the spatial distribution and
continuity of vegetated nursery habitats across estuarine landscapes (Montagna et al., 2018).

Following extensive seagrass loss beginning in 2011 (Morris et al., 2022; Brewton & Lapointe, 2023),
Caulerpa prolifera expanded throughout the northern Indian River and Banana River, becoming the
dominant benthic cover in several monitoring segments by 2016 (Brewton & Lapointe, 2023). These
changes may represent more than simple habitat loss; they may reorganize the distribution and continuity
of nursery habitat across the estuary. Because blue crabs depend on vegetated nursery habitats for refuge
from predation and access to food resources during early development (Perkins-Visser et al., 1996; Hovel
& Lipcius, 2001, 2002; Hovel & Fonseca, 2005), the IRL provides a long-term observational setting for
evaluating how nearly three decades of environmental change (1996-2023) are associated with the spatial
organization of blue crab populations and the nursery habitats upon which they depend.

Previous studies have demonstrated that habitat restructuring can influence blue crab survival, abundance,
and recruitment at local and patch scales (Hovel & Lipcius, 2001, 2002; Mizerek et al., 2011). However,
it remains unclear whether habitat change occurring across an entire estuarine system produces
comparable responses at broader spatial scales. Most research has focused on comparisons among habitat
types or experimental manipulations of habitat structure, providing important insights into fine-scale
habitat use but offering a more limited understanding of how long-term changes in habitat distribution on
a decadal scale alter the spatial organization of estuary-dependent populations. This limitation is
particularly relevant in systems undergoing rapid environmental change, where habitat loss may not
simply reduce nursery area but may also reorganize the distribution and continuity of suitable habitat
across the landscape.

The IRL provides an opportunity to evaluate whether long-term habitat change is associated with the
spatial organization of blue crab populations at the system level. The combination of widespread seagrass
decline, expansion of macroalgal assemblages, and pronounced climatic variability creates a long-term
observational setting for examining how environmental change corresponds with habitat distribution and
associated population patterns through time. Integrating long-term fisheries-independent monitoring
(FIM) with basin-wide seagrass surveys further allows assessment of whether and how changes in
vegetated habitat correspond with shifts in blue crab abundance, size structure, and spatial distribution
across the lagoon.

This study evaluated whether long-term habitat change in the IRL was associated with the spatial
organization of blue crab populations across the estuary. We hypothesized that (1) widespread seagrass
decline would correspond with spatial reorganization of blue crab abundance and size structure across the
lagoon, (2) blue crab relative abundance and carapace width would be positively associated with
vegetated habitat cover and distribution despite widespread habitat restructuring, and (3) basin-scale



126
127
128
129

130

131

132
133
134
135
136
137
138
139
140
141

habitat variability would covary with shifts in ENSO and local rainfall, reflecting climate-associated
changes in benthic vegetation. To test these hypotheses, we integrated 28 years of FIM data, seagrass
surveys, and climate records to examine associations among seagrass change, blue crab demographics,
and environmental variability throughout the IRL.

Methods
Study Area

The Indian River Lagoon (IRL) is a shallow, bar-built lagoonal estuary extending approximately 250 km
along Florida’s Atlantic coast and consisting of three interconnected sublagoon systems: Mosquito
Lagoon, Banana River, and the Indian River (Figure 1). The lagoon supports extensive ecological and
economic resources (The Balmoral Group, 2025), including seagrass communities, mangrove shorelines,
and nursery habitat for numerous estuarine-dependent species. The lagoon has a mean depth of
approximately 1.5 m, with most areas shallower than 2 m, and experiences a microtidal regime with tidal
ranges generally less than 0.5 m due to limited exchange with the Atlantic Ocean through five tidal inlets
(Smith, 1993; Liu et al., 1997). These physical characteristics result in relatively long water residence
times and strong spatial heterogeneity in salinity, hydrology, nutrient dynamics, and benthic habitat
composition.
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Figure 1. Regional context of the study area in the Indian River Lagoon along Florida’s east
coast. The inset highlights the study area, extending from Banana River through northern Indian
River, and shows its geographic extent within the broader southeastern United States.

The watershed surrounding the IRL has also undergone substantial urbanization and land-use change over
recent decades. Wastewater discharge, septic leachate, stormwater runoff, fertilizer application, and
altered hydrology have contributed to elevated nitrogen and phosphorus concentrations, HAB events, and
declining water clarity throughout portions of the lagoon (Barile, 2018; Freeman et al., 2019; FDEP,
2018). The 2011-2012 superbloom event, in particular, contributed to extensive seagrass mortality and
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long-term reductions in seagrass cover throughout portions of the lagoon. These watershed influences
have produced pronounced spatial and temporal variability in seagrass distribution across the lagoon,
providing the environmental context for the present study.

Long-Term Ecological Datasets

To evaluate long-term relationships among blue crab populations, benthic habitat change, and
environmental variability, we integrated fisheries-independent monitoring (FIM) data with seagrass
monitoring datasets collected throughout the IRL. These complementary datasets provided information on
blue crab demographic structure, seagrass dynamics, and environmental conditions across multiple
regions of the lagoon over 28 years. Together, they allowed assessment of how changes in vegetated
habitat distribution corresponded with shifts in blue crab abundance, body size, and spatial organization
through time.

Blue crab demographic data were obtained from the Florida Fish and Wildlife Conservation Commission
(FWC) Fisheries-Independent Monitoring (FIM) program, a long-term standardized fisheries survey
designed to monitor estuarine and marine faunal communities throughout Florida. Blue crab observations
were collected between 1996 and 2023 within the IRL using a combination of a 21.3m center-bag seine,
an 183 m center-bag haul seine, and a 6.1 m otter trawl. Observations were obtained from FIM survey
zones A-H (Figure 2). Variables extracted from the FIM database included the FIM variable NumA(tSize,
the number of blue crabs captured per standardized FIM sampling event, which was used as a measure of
relative abundance (catch per unit effort; CPUE), carapace width (CW; mm), sex, geographic coordinates,
sampling date, salinity, temperature, dissolved oxygen, pH, wind speed, and visually estimated bottom
vegetation percent cover based on a visual estimate. Because multiple sampling gears were used by the
FIM program, blue crab catches were standardized by gear-specific sampling effort following FWC FIM
sampling protocols. Each gear was deployed using standardized procedures and sampled a defined area;
blue crab CPUE was therefore calculated as the number of individuals captured divided by the
corresponding area sampled, yielding a common relative-abundance metric of crabs m2. Standardized
sampling areas were 140 m? for the 21.3-m bay seine, 68 m? for the 21.3-m river seine, 4,120 m? for the
183-m haul seine, and 518.8 m? for the 6.1-m otter trawl (Florida Fish and Wildlife Conservation
Commission, Fish and Wildlife Research Institute, 2019). Although standardization by sampled area
accounts for differences in sampling effort among gears, potential differences in gear-specific catchability
and size selectivity remain and should be considered when interpreting relative abundance patterns.
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Figure 2. Sampling zones (A-H) used in the Florida Fish and Wildlife Conservation Commission
(FWC) Fisheries-Independent Monitoring (FIM) program across the Indian River Lagoon from
1996-2023. Each point represents a sampling site, and is color-coded by zone.
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Seagrass data were obtained from the St. Johns River Water Management District (SJRWMD) long-term
seagrass monitoring program, which has monitored seagrass communities throughout the Indian River
Lagoon since 1994 (Figure 3). Occasional years in which individual monitoring transects were not
surveyed were treated as missing observations and were not interpolated. Annual mean seagrass percent
cover for each FIM zone was calculated using all available monitoring sites sampled during that year.
Fixed transects are surveyed at least twice annually during summer and winter, corresponding to periods
of maximum and minimum seagrass abundance, respectively, while a subset of transects is monitored
monthly to capture seasonal variability. Surveys employ a standardized, non-destructive, quantitative
transect-and-quadrat sampling protocol in which permanent transects extend approximately perpendicular
to the shoreline, from the shoreline to the deep edge of the seagrass bed and are marked by permanently
installed PVC stakes. At each sampling event, seagrass percent cover and associated benthic vegetation
characteristics are quantified along each transect (SJRWMD, 2025).

For this study, summer seagrass observations were selected because they represent peak annual seagrass
abundance and provide a consistent basis for evaluating interannual changes in seagrass distribution. Site-
level seagrass percent cover was subsequently organized by FWC FIM zone and year for comparison with
blue crab demographic data.
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202  Figure 3. Fixed long-term seagrass monitoring stations within the Indian River Lagoon. Points

203  represent sites sampled by the St. Johns River Water Management District (SJRWMD) for
204  seagrass surveys from 1994-2024.
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Both FWC and SJRWMD sampling locations were transformed into a common coordinate system (NAD
1983 StatePlane Florida East FIPS 0901) within ArcGIS Pro (Version 3.2; ESRI, Redlands, California,
USA). Because the SIRWMD monitoring program employs fixed transects whereas the FWC FIM
program uses a stratified-random sampling design, SJRWMD seagrass monitoring sites were assigned to
their corresponding FIM survey zones. Seagrass percent cover was then subsequently summarized by
FIM zone and year, allowing direct comparison with blue crab demographic data collected within the
same spatial framework.

Spatial and Temporal Patterns of Blue Crab Demographic Structure

A series of spatial analyses was used to evaluate long-term spatial patterns in both seagrass beds and blue
crab populations throughout the IRL. First, Kernel Interpolation with Barriers (KIB) was performed in
ArcGIS Pro (Version 3.2; ESRI, Redlands, California, USA) to visualize spatial patterns in blue crab
abundance and carapace width. KIB was chosen because the method incorporates physical barriers, such
as water boundaries, that prevent interpolation across land masses and disconnected waterbodies, making
it appropriate for elongated lagoonal estuaries characterized by restricted hydrologic connectivity.
Interpolated surfaces were generated for three representative temporal periods: 1997-1999, representing
conditions prior to widespread seagrass decline; 2007-2009, representing conditions immediately
preceding the 2011-2012 superbloom; and 2015-2017, representing post-disturbance conditions following
large-scale seagrass loss and habitat restructuring. These periods were selected to illustrate changes in
blue crab spatial distribution before and after the major ecological transition within the IRL.

Getis-Ord Gi hotspot analyses were conducted separately for blue crab relative abundance (measured as
catch per unit effort) and carapace width using spatially standardized FIM data pooled across the 1996—
2023 study period. Local spatial relationships were defined using a K-nearest neighbors conceptualization
(500 neighbors) with Euclidean distance and row standardization. The Getis-Ord Gi statistic was used to
identify clusters of relatively high (hotspots) and low (coldspots) values based on local spatial
autocorrelation. Statistical significance was evaluated using the False Discovery Rate (FDR) correction to
account for multiple spatial comparisons (Getis & Ord, 1992; ESRI, 2024). Hotspot analyses were used to
identify persistent regions of elevated or reduced demographic values throughout the lagoon.

Emerging Hotspot Analysis (EHA) was conducted using ArcGIS Pro space-time cube analyses to
incorporate both spatial and temporal dimensions of blue crab distribution patterns. EHA identifies
temporal trajectories of spatial clustering, including persistent, intensifying, diminishing, oscillating, and
newly emerging hotspots and coldspots. These analyses were used to evaluate temporal changes in blue
crab spatial organization throughout the study period.

Spatial and Temporal Patterns of Seagrass Habitat

Empirical Orthogonal Function (EOF) analysis and Principal Component Analysis (PCA) were used to
evaluate dominant spatial and temporal patterns in seagrass cover throughout the IRL. Annual summer
seagrass percent-cover data from individual STRWMD monitoring sites were organized into a site x year
matrix, with monitoring sites represented spatially and survey years represented temporally. Missing
values (<8% of the dataset) were imputed using the annual mean across monitoring sites, and the matrix
was mean centered by subtracting each site's long-term mean. EOF decomposition was then performed
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using Singular Value Decomposition (SVD) to identify dominant spatial patterns of seagrass variability
across the lagoon. Spatial loadings were associated with the geographic coordinates of individual
SJRWMD monitoring sites, while the corresponding principal component scores represented temporal
variation in each EOF mode. EOF1 represented the dominant mode of seagrass variability and its
associated PC1 time series was used to evaluate temporal variability in benthic habitat structure
throughout the lagoon.

Annual rainfall and ENSO datasets were used to examine associations between climatic variability and
annual seagrass cover patterns. Annual rainfall data from Titusville, Florida, obtained from the Florida
Climate Center, were calculated as the mean monthly precipitation for each calendar year (January-
December) and used as a partial proxy for regional inflow variability affecting the northern and central
IRL. ENSO variability was evaluated using Oceanic Nifio Index (ONI) data obtained from the National
Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center. Relationships between
PC1 (representing the dominant temporal pattern in seagrass cover) and annual rainfall and ONI values
were evaluated using Spearman rank correlations due to non-normality and potential nonlinear
relationships among variables. Correlations were evaluated across the full study period and separately for
years through 2010 and after 2010 to examine whether climate-habitat associations differed following the
onset superbloom events beginning in 2010 in the IRL.

Blue Crab Demographic and Habitat Association Analyses

Generalized Additive Models (GAMs) were used to evaluate nonlinear relationships between blue crab
demographic metrics and environmental variables. Models were developed using the mgcv package in R
(Version 4.4.1; R Core Team, 2024) with restricted maximum likelihood (REML) smoothing parameter
estimation. FIM response variables included blue crab relative abundance (NumAtSize) and carapace
width (CW; mm). FIM predictor environmental variables included salinity, temperature, dissolved
oxygen, pH, wind speed, and BottomVegCover. These variables were recorded concurrently with each
biological sampling event and characterize local environmental conditions at the time of collection.
BottomVegCover was estimated visually in the field as the percent cover of submerged bottom vegetation
present at each sampling location. BottomVegCover values recorded within the FWC FIM dataset were
categorized into four vegetation cover classes: Low (0-25%), Medium (>25-50%), High (>50-75%), and
Very High (>75%). While these visual estimates provide an effective measure of local habitat conditions
for evaluating relationships between blue crab demographics and vegetation at individual sampling
events, they are not intended to quantify long-term changes in seagrass distribution or abundance.
Consequently, analyses of basin-scale habitat change utilized the STRWMD seagrass monitoring program,
which employs standardized permanent transects and quantitative sampling methods specifically designed
to monitor temporal changes in seagrass percent cover throughout the IRL.

Nonparametric Kruskal-Wallis tests were used to evaluate differences in blue crab relative abundance and
carapace width among vegetation cover classes due to non-normality of the response variables. Pairwise
differences among vegetation cover classes were subsequently evaluated using Dunn’s post hoc tests with
Benjamini-Hochberg corrections for multiple comparisons.

Long-term habitat-demographic relationships were evaluated by correlating annual seagrass percent cover
derived from SJRWMD monitoring data with annual mean blue crab abundance and carapace width
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obtained from the FWC FIM dataset. Relationships were evaluated at lagoon-wide and zone-specific
spatial scales. Analyses were conducted across the full temporal record as well as within pre- and post-
2012 periods following the 2011-2012 superbloom. Spearman rank correlations were used to evaluate
associations among seagrass cover, blue crab abundance, and carapace width due to non-normality and
potential nonlinear relationships among variables.

Results
Long-Term Benthic Habitat Change

Lagoon-wide mean summer seagrass cover at surveyed transects exceeded 30% at the survey transects
during periods of relatively stable benthic vegetation from 1996 to 2010 but declined to less than 5%
following the system-wide seagrass die-off during 2017-2023 (Figure 4).

Results of the Empirical Orthogonal Function (EOF) analysis demonstrated that a strong basin-wide
temporal signal dominated annual seagrass cover change within the IRL. EOF1 accounted for 64.8% of
total variance in the site-by-year seagrass cover matrix, substantially exceeding the variance explained by
subsequent modes (EOF2 = 5.8%, EOF3 = 4.1%, EOF4 = 3.6%, EOF5 = 2.9%) (Figure 4). Temporal
patterns in EOF1 captured major shifts in lagoon-wide seagrass cover, with pronounced increases in the
early 2000s and after 2011. Spatial loadings associated with EOF1 were coherent across nearly all
monitoring locations, indicating that a similar pattern occurred at a basin-wide scale rather than being
restricted to individual regions. Strong negative loadings were concentrated within the northern and
central lagoon regions. PC1 was negatively correlated with seagrass percent cover, with lower PC1 values
corresponding to periods of relatively high seagrass abundance and higher PC1 values corresponding to
periods of reduced seagrass cover.
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Figure 4. Variance explained by the first five empirical orthogonal functions (EOF1-EOFS5) for
seagrass time series across the IRL. EOF1 accounted for 64.8% of total variance, representing
the dominant basin-wide temporal signal. The spatial loading map (right) illustrates broadly
coherent negative loadings throughout the lagoon, reflecting a system-wide transition away from
seagrass dominance. The associated PC1 time series (bottom left) captures long-term variability
in seagrass cover, including the post 2011 seagrass decline.

Relationships Among Seagrass PC1, Rainfall, and ONI

PC1 scores, representing the dominant temporal pattern in seagrass percent cover, were compared with
annual rainfall and Oceanic Nifio Index (ONI) values. Comparisons amongPC1, annual rainfall, and the
Oceanic Nifio Index (ONI) showed that PC1 values remained relatively low during 2002-2009, when
lagoon-wide seagrass cover was comparatively stable, and increased markedly following the 2011-2012
seagrass die-off, when seagrass cover declined throughout the lagoon (Figure 5). PC1 represented the
dominant mode of temporal variability identified by the EOF analysis, with EOF1 explaining 64.8% of
the total variance in seagrass cover.

Across the full study period, PC1 exhibited little monotonic association with either annual mean ONI
(Spearman's p = 0.044, p = 0.815) or annual rainfall (p = 0.061, p = 0.747). When evaluated separately
around the onset of widespread seagrass decline, the relationships remained weak. Through 2010, PC1



323
324
325
326
327
328
329

330
331
332
333
334
335
336
337

338

exhibited a weak positive association with ONI (p = 0.201, p = 0.439) and little association with annual
rainfall (p = 0.050, p = 0.854). After 2010, PC1 exhibited a weak negative association with ONI (p =
—0.138, p=0.637) and little association with annual rainfall (p = 0.004, p = 0.988). Despite these weak
monotonic relationships, visual comparison of the time series indicated periods of temporal
correspondence between PC1 and alternating El Nifio and La Nifia phases, particularly before 2010
(Figure 5). PC1 and annual rainfall similarly exhibited periods of visual temporal correspondence before
2010 (Figure 6).

Annual rainfall variability also corresponded with EOF-derived habitat restructuring indices. PC1 values
were positively associated with annual rainfall during portions of the study period prior to the superbloom
event (Figure 6). Wetter years generally corresponded with elevated PC1 values, whereas drought periods
aligned with comparatively lower PC1 phases. Some of the largest increases in PC1 occurred following
dry periods within the Titusville rainfall record. PC1 variability corresponded with annual rainfall
variability and ENSO oscillations throughout the study period. Because rainfall from a single Titusville
station represents only part of the study system, it is interpreted as a partial regional proxy rather than a
lagoon-wide measure of hydrologic forcing.
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Figure 5. Time-series comparison of the first principal component (PC1; black solid line) and
the Oceanic Nifo Index (ONI; black dotted line) during 19962023, with shaded regions
denoting El Nifio (red) and La Nifia (blue) events. Negative PC1 phases correspond with periods
of greater lagoon-wide seagrass abundance, whereas positive PC1 phases align with intervals of
reduced seagrass cover.
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Figure 6. Time-series comparison of the first principal component (PC1) from the EOF analysis
and average annual rainfall at Titusville, Florida during 1994-2024. The PC1 time series (black
line, left axis) reflects lagoon-wide variability in seagrass cover, while annual precipitation (blue
dashed line, right axis) is used as a partial regional proxy for hydrologic variability affecting the
northern Indian River Lagoon.

Spatial Reorganization of Blue Crab Demographic Structure

Spatial analyses revealed changes in blue crab abundance and size structure throughout the IRL during
the study period. Kernel Interpolation with Barriers (KIB) (Figure 7), Getis-Ord Gi* hotspot analyses
(Figure 8), and Emerging Hotspot Analyses (Figure 9) were consistent with increasing spatial
heterogeneity in blue crab abundance and carapace width following widespread benthic habitat
restructuring associated with post-2011 seagrass decline.

Kernel interpolation analyses identified persistent spatial contrasts between northern and southern lagoon
regions throughout the study period (Figure 7). During earlier periods characterized by relatively greater
seagrass continuity, blue crab abundance and carapace width exhibited broader spatial distributions across
multiple lagoon regions. Following the 2011-2012 superbloom and associated seagrass collapse, higher
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interpolated values became increasingly concentrated within portions of the southern lagoon, while
northern regions exhibited lower abundance and body size values. The spatial contraction of high-density
regions was particularly evident within the northern IRL and Banana River.

Getis-Ord Gi* hotspot analyses identified strong spatial clustering of demographic values throughout the
lagoon (Figure 8). Persistent coldspots in blue crab relative abundance and carapace width occurred
primarily within the northern portion of the study area, whereas hotspots were concentrated within
southern portions of the study area near the Fort Pierce and Vero Beach regions. These hotspot patterns
remained relatively consistent across multiple temporal periods.

Emerging Hotspot Analysis (EHA) showed that blue crab spatial clustering within the IRL varied through
time (Figure 9). Persistent, intensifying, and diminishing hotspot patterns were observed across lagoon
regions. Several northern lagoon regions transitioned toward persistent or emerging coldspot
classifications during later portions of the study period, whereas portions of the southern lagoon
maintained stable or intensifying hotspot conditions. Collectively, these spatial analyses indicate that
clustering became increasingly concentrated within southern lagoon regions during the period of
widespread benthic habitat restructuring.
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Figure 7. Kernel Interpolation with Barriers (KIB) maps showing interpolated blue crab density
across the IRL for three representative time periods: 1997-1999, 2007-2009, and 2015-2017. The
interpolation was constrained by lagoon boundaries, barrier islands, and inlets to minimize edge
effects. Blue crab density declined over time, particularly in the Banana River and northern
Indian River.
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382  Figure 8. Getis-Ord Gi* hotspot analysis of blue crab density during 1996-2023, showing
383  clusters of high (hotspots) and low (coldspots) crab abundance within the study area of the
384  Indian River Lagoon. Hotspots (red tones) occurred primarily within the southern portion of the

385  study area, while coldspots (blue tones) occurred primarily in the northern portion of the study
386  area.



387

388
389
390
391
392

393

394
395

- - -
™ Legend
- st .
-_- -- /W | New Hot Spot I Consecutive Cold Spot
- --- I Consecutive Hot Spot W  Intensifying Cold Spot
- W Intensifying Hot Spot I Persistent Cold Spot
$- I Persistent Hot Spot Diminishing Cold Spot
) .- Diminishing Hot Spot Sporadic Cold Spot
L Sporadic Hot Spot iR Oscillating Cold Spot
#E5Y Oscillating Hot Spot Historical Cold Spot
: Historical Hot Spot No Pattern Detected
[mmm| New Cold Spot
Atlantic
Ocean
10 20 40 Kilometers
1 ] ] | 1 1 ] J

Figure 9. Emerging Hot Spot Analysis (EHA) of blue crab density (1996-2023) showing
temporal patterns of hotspots and coldspots of crab abundance within the Indian River Lagoon.
Persistent and intensifying hotspots (red tones) occurred in southern zones, whereas coldspots
(blue tones) were concentrated in the northern lagoon, reflecting long-term spatial reorganization
following seagrass decline and macroalgal expansion.

Environmental Drivers of Blue Crab Demographic Structure

Generalized Additive Models (GAMs) identified nonlinear relationships between blue crab demographic
metrics and environmental gradients throughout the IRL (Figure 10, Figure 11). Environmental predictors
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explained relatively little variation in blue crab abundance, whereas carapace width exhibited stronger
relationships with environmental variables and vegetated habitat structure.

The abundance GAM explained 3.04% of the total deviance, indicating that the measured
environmental variables collectively accounted for little variation in blue crab relative abundance
(Table 1). Among the single-predictor models, pH explained the greatest proportion of deviance
(2.40%; edf =7.08, F =31.39, p=1.09 x 10*), followed by dissolved oxygen (0.95%; edf = 3.90,
F=20.48, p="7.01 x 107%°), bottom vegetation cover (0.84%; edf = 2.35, F =22.66,p=7.17 %
107'%), salinity (0.42%; edf = 4.03, F = 8.67, p =3.36 x 107®), wind speed (0.33%; edf = 1.91, F =
14.17, p = 8.19 x 1078), and temperature (0.06%; edf = 2.72, F = 1.39, p = 0.239). The full model
explained 3.04% of the deviance (n = 7,520), indicating that the measured environmental
predictors collectively had limited explanatory power for blue crab relative abundance at the
lagoon-wide scale.

The carapace width GAM explained 34.20% of the total deviance, indicating that the measured
environmental variables collectively accounted for substantial variation in blue crab body size
(Table 2). Among the single-predictor GAMs, bottom vegetation cover explained the greatest
proportion of deviance (24.71%; edf = 8.71, F = 276.31, p = 2.88 x 107*7), followed by salinity
(11.57%; edf = 8.55, F = 179.05, p = 1.15 x 107*'®) and pH (11.22%; edf = 5.65, F =219.95,p =
1.49 x 1072*°), Temperature explained 4.23% of the deviance (edf=7.55, F=63.11,p=1.79 x
107197), followed by dissolved oxygen (2.12%; edf = 6.84, F =31.99, p = 1.05 x 10~*°) and wind
speed (1.38%; edf =7.87, F = 18.61, p =2.03 x 107°). The full model explained 34.20% of the
deviance (n = 7,520), indicating that the measured environmental variables collectively accounted
for substantial variation in blue crab carapace width, with bottom vegetation cover explaining the
greatest proportion of deviance when considered individually.
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420  Figure 10. Partial effect smooths from Generalized Additive Models (GAMs) showing the

421  nonlinear relationships between blue crab abundance (NumAtSize) and environmental predictors
422  (temperature, salinity, dissolved oxygen, pH, and wind speed. Solid lines represent estimated
423  smooth functions with 95% confidence intervals (gray shading). Patterns indicate nonlinear and
424  threshold responses across environmental gradients.

425  Table 1. Summary of GAM smooth terms for blue crab abundance (NumAtSize) vs.
426  environmental predictors. Reported statistics include estimated degrees of freedom (edf), F-
427  value, p-value, deviance explained, and sample size.

Predictor edf Ref. F- | p-value Deviance explained N
df | value (%)

Temperature 2.72 3.43 1.39 | 2.3%e-1 0.06 | 10,986

Salinity 4.03 4.99 8.67 | 3.36e-8 0.42 | 10,995

Dissolved oxygen 3.90 4.85 20.48 7.01e- 0.95 | 10,703
20

pH 7.08 8.10 | 31.39 1.09e- 240 | 10,614
49

Wind speed 1.91 2.40 14.17 | 8.19¢-8 0.33 | 10,456

Bottom vegetation 2.35 2.82 22.66 7.17e- 0.84 | 7,603
cover 14

Full model — — — — 3.04 | 7,520

428
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Figure 11. Partial effect smooths from Generalized Additive Models (GAMs) showing the
nonlinear relationships between blue crab carapace width (CW) and environmental predictors
(temperature, salinity, dissolved oxygen, pH, and wind speed). Solid lines represent estimated
smooth functions with 95% confidence intervals (gray shading). Patterns indicate nonlinear and

threshold responses across environmental gradients.

Table 2. Summary of GAM smooth terms for blue crab carapace width (CW) vs. environmental
predictors. Reported statistics include estimated degrees of freedom (edf), F-value, p-value,
deviance explained, and sample size.

Predictor edf Ref. F- | p-value Deviance explained N
df | value (%)

Temperature 7.55 8.47 63.11 1.79e- 4.23 | 12,294
107

Salinity 8.55 8.94 | 179.05 1.15e- 11.57 | 12,303
318

Dissolved oxygen 6.84 7.92 31.99 | 1.05e-49 2.12 112,011

pH 5.65 6.78 | 219.95 1.49e- 11.22 | 11,857
299

Wind speed 7.87 8.44 18.61 | 2.03e-29 1.38 | 11,886

Bottom vegetation 8.71 897 | 276.31 2.88e- 2471 | 7,603
cover 457

Full model — — — — 34.20 | 7,520
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Vegetation Structure and Blue Crab Demographics

Blue crab relative abundance varied among BottomVegCover categories (Kruskal-Wallis x> = 119.54, df
=3,p=2.2 x 107%) (Table 3). Mean relative abundance generally increased with vegetation cover, with
the highest values occurring in Very High vegetation habitats (>75% BottomVegCover) and the lowest
values occurring in Low vegetation habitats (0-25% BottomVegCover). Dunn's post hoc comparisons
provided strong evidence of differences between Low bottom vegetation habitats and the Medium
(adjusted p = 7.66 x 10°'"), High (adjusted p = 1.69 x 107), and Very High (adjusted p = 1.39 x 1071
vegetation classes. Comparisons of Very High vegetation habitats with Medium (adjusted p = 0.016) and
High (adjusted p = 0.020) vegetation habitats also indicated differences between these classes, whereas
High and Medium vegetation habitats exhibited little evidence of a difference (adjusted p = 0.908).

Carapace width varied among vegetation cover categories (Kruskal-Wallis y*> = 2367.6, df =3, p=2.2 x
107'¢) (Table 4). Mean carapace width increased progressively with vegetation cover, with the smallest
individuals occurring in Low vegetation habitats and the Medium (adjusted p = 6.07 x 10-?), High
(adjusted p = 5.99 x 103!), and Very High (adjusted p = 5.23 x 10?) vegetation classes. Dunn's post hoc
comparisons provided strong evidence of differences between Low vegetation habitats and each of the
other vegetation classes. Comparisons of Very High vegetation habitats with both Medium (adjusted p =
3.21 x 10"') and High (1.04 x 10"'7) vegetation habitats also indicated differences in carapace width. In
contrast, carapace widths were similar between High and Medium vegetation categories (adjusted p =
0.888). Collectively, these results indicate that habitats with greater vegetation density supported both
higher abundance and larger body sizes throughout the lagoon.

Table 3. Dunn’s post hoc pairwise comparisons of blue crab abundance (NumAtSize) among
bottom vegetation cover categories following a Kruskal-Wallis test. Z-statistics and Benjamini—
Hochberg adjusted p-values are shown for each comparison.

Comparison Z statistic Adjusted p value
High - Low -6.49 1.69¢-10
High - Medium 0.12 9.08e-01
Low - Medium 6.67 7.66e-11
High - VeryHigh -2.40 1.99¢-02
Low - VeryHigh 8.48 1.39e-16
Medium - VeryHigh -2.56 1.59¢-02

Table 4. Dunn’s post hoc pairwise comparisons of blue crab carapace width (CW) among
bottom vegetation cover categories following a Kruskal-Wallis test. Z-statistics and Benjamini—

Hochberg adjusted p-values are shown for each comparison.

Comparison Z statistic Adjusted p value
High - Low 11.63 5.99¢-31
High - Medium -0.14 8.88e-01
Low - Medium -11.86 6.07e-32
High - VeryHigh -8.62 1.04e-17
Low - VeryHigh -42.76 5.23e-32
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Long-Term Relationships Between Seagrass Cover and Blue Crab Demographic Metrics

Long-term comparisons among seagrass cover and blue crab demographic metrics showed temporal
covariation between benthic habitat structure and blue crab populations throughout the IRL. Relationships
among annual seagrass percent cover, blue crab relative abundance, and carapace width varied
substantially during the study period, with pronounced changes occurring following the 2011-2012
superbloom and associated seagrass collapse.

Annual mean blue crab relative abundance generally declined alongside reductions in lagoon-wide
seagrass cover throughout the study period. Periods characterized by relatively high seagrass cover during
the late 1990s and early 2000s corresponded with comparatively elevated relative abundance throughout
the lagoon, whereas years following widespread seagrass decline exhibited greater variability and reduced
relative abundance across several lagoon regions. Although annual blue crab relative abundance exhibited
only a weak overall temporal decline (—0.0053 CPUE yr'; R? = 0.04), summer seagrass cover declined
consistently throughout the study period (—1.097% yr'; R? = 0.883), reflecting substantial long-term loss
of structured benthic habitat.

Mean carapace width also generally declined during periods characterized by reduced benthic vegetation
throughout the study period (Figure 12). Before the superbloom event in the early 2010s, periods of
relatively continuous seagrass cover were associated with larger mean body sizes throughout much of the
lagoon. Following large-scale habitat restructuring, carapace width became increasingly variable across
regions, with several northern lagoon areas exhibiting persistent reductions in mean body size. Across the
full study period, mean carapace width declined by 1.024 mm yr' (R? = 0.333), indicating a gradual
reduction in body size through time.

Zone-level comparisons further demonstrated considerable spatial heterogeneity in habitat demographic
relationships throughout the lagoon. Northern lagoon regions experiencing the greatest losses of seagrass
generally exhibited larger declines in blue crab relative abundance and carapace width than portions of
the southern IRL, where vegetated habitats remained comparatively more persistent. These regional
differences were evident in the zone-specific time series, which showed steeper declines in seagrass cover
and more pronounced changes in blue crab demographic metrics in northern FIM zones than in southern
portions of the lagoon.
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Figure 12. Long-term trends in average blue crab carapace width (CW; blue line, left axis) from
the FIM dataset and summer seagrass percent cover (green line, right axis) from the SIRWMD
long-term seagrass monitoring program across the Indian River Lagoon, 1996-2023. Dotted lines
represent descriptive linear trend fits for each time series.

Discussion
Habitat Restructuring and Spatial Reorganization of Blue Crab Populations

This study demonstrates that long-term habitat change within the Indian River Lagoon (IRL)
corresponded with substantial reorganization of blue crab populations across the estuarine landscape
(Hovel & Lipcius 2001, 2002; Sheaves et al. 2009). The strongest evidence for basin-scale habitat change
emerged from the EOF analysis, in which EOF1 explained 64.8% of total variance in seagrass cover and
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the first five EOF modes explained 81.3% of total variance. These results indicate coherent temporal
variation across much of the lagoon rather than through isolated local changes, consistent with the lagoon-
wide habitat restructuring documented following widespread seagrass decline (Morris et al. 2022;
Brewton & Lapointe 2023). The temporal trajectory of EOF1 further shows that the most pronounced
shifts in habitat structure occurred during periods of major seagrass decline, particularly after the 2011-
2012 superbloom event.

Spatial analyses indicate that blue crab distributions changed during the period of habitat restructuring
rather than declining uniformly throughout the lagoon. Kernel interpolation and hotspot analyses revealed
persistent northern coldspots and southern hotspots in both abundance and carapace width following
widespread seagrass loss. Emerging Hotspot Analysis further demonstrated that these patterns remained
dynamic through time, with some regions transitioning toward persistent coldspot conditions while others
maintained stable or intensifying hotspots. Collectively, these findings suggest that habitat degradation
was associated with reorganization of blue crab populations and that potential nursery function may have
become concentrated within regions that retained relatively persistent, vegetated habitat (Beck et al. 2001;
Hovel & Lipcius 2001, 2002; Thrush et al. 2008; Sheaves et al. 2009; Woodland et al. 2019).

Previous studies have demonstrated that habitat restructuring influences blue crab survival and
distribution at relatively small spatial scales. In experimental seagrass landscapes, Hovel and Lipcius
(2001) found that blue crab survival depended jointly on seagrass patch size and shoot density,
demonstrating that habitat complexity and landscape structure interact to influence predation risk.
Expanding on this work, Hovel and Lipcius (2002) showed that patch isolation, structural complexity,
seasonal changes in seagrass configuration, and crab density collectively influenced survival and
abundance, emphasizing that habitat restructuring cannot be considered independently of habitat
connectivity and temporal variation. Our study extends these findings from individual habitat patches to
an entire estuarine ecosystem by demonstrating that long-term habitat restructuring corresponded with
basin-scale reorganization of blue crab relative abundance and body size. Rather than examining how
habitat restructuring influences survival within individual seagrass patches, our analyses indicate that
widespread seagrass loss and habitat restructuring corresponded with changes in the spatial distribution of
blue crabs across the Indian River Lagoon over nearly three decades. However, because movement,
dispersal, and exchange among habitat patches were not measured, this study does not directly quantify
functional connectivity but instead infers changes in nursery habitat organization from long-term spatial
patterns in habitat and blue crab distributions.

Climatic and Watershed Associations with Habitat Change

EOF-derived habitat indices exhibited periods of visual correspondence with annual rainfall variability
and ENSO oscillations. However, these patterns did not result in significant monotonic relationships
between PC1 and either annual rainfall or ONI across the full study period or when evaluated separately
through and after 2010. Positive ONI phases sometimes coincided with declines in PC1, whereas negative
ONI phases sometimes coincided with elevated PC1 values. These patterns therefore suggest that climatic
variability only explain a part of long-term seagrass variability across the IRL.

Although the correlations observed in this study do not demonstrate a direct relationship between annual
climatic variability and PC1, watershed-estuary coupling provides a plausible mechanism through which
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climatic variability can influence benthic habitat conditions in the IRL. Rainfall influences freshwater
inflow, nutrient transport, turbidity, and residence time throughout the IRL. Under eutrophic conditions,
increased nutrient loading and reduced water clarity can suppress seagrass persistence while promoting
phytoplankton blooms and opportunistic primary producers. The widespread seagrass decline associated
with the 2011-2012 superbloom represents one of the clearest examples of this process within the lagoon.

These findings are consistent with previous studies identifying nutrient enrichment as a primary driver of
ecological degradation in the Indian River Lagoon. Barile (2018) demonstrated that nitrogen enrichment
derived from human wastewater sources was widespread throughout the lagoon, with elevated 6'°N
values indicating increasing nitrogen loading during wetter years, suggesting that rainfall-driven
watershed runoff can enhance nutrient delivery to the estuary. Similarly, Freeman et al. (2019) described
how urbanization and watershed development increase sediment and nutrient runoff, promoting harmful
algal blooms, reduced water clarity, and ultimately seagrass decline through light limitation. These
regional observations are consistent with broader conceptual and global studies showing that nutrient
enrichment drives shifts from seagrass-dominated communities to macroalgal and phytoplankton-
dominated systems (Duarte et al., 1995), contributing to widespread seagrass loss in coastal ecosystems
worldwide (Waycott et al., 2009). Previous studies therefore provide a mechanistic basis for the periods
of temporal correspondence observed in this study between climatic variability and seagrass dynamics.
However, the weak correlations between PC1 and both annual rainfall and ONI indicate that these broad
annual climate metrics alone do not consistently account for long-term seagrass variability. Climatic and
hydrologic processes may instead interact with nutrient enrichment, water clarity, residence time, and
other local or lagged processes that were not directly evaluated here.

The weak relationships between PC1 and the climatic variables should also be interpreted in the context
of the temporal and spatial resolution of the datasets. Annual rainfall from a single Titusville station
provides only a partial proxy for hydrologic conditions across the approximately 250-km lagoon, and
annual averaging of both rainfall and ONI may obscure seasonal, event-scale, or lagged relationships with
seagrass dynamics.

Blue Crab Demographic Responses to Habitat Change

Although habitat restructuring corresponded with substantial changes in blue crab spatial organization,
demographic responses differed between abundance and body size. Environmental variables explained
only 3.04% of deviance in abundance but explained 34.20% of deviance in carapace width, suggesting
that body size may be more closely associated with measured habitat and environmental conditions than
abundance alone. This distinction is important because abundance can be influenced by numerous factors,
including recruitment variability, movement, gear effects, and sampling conditions, whereas size structure
may provide a complementary indication of habitat quality.

Vegetation density emerged as one of the most consistent correlators of blue crab demographic structure.
Abundance differed among BottomVegCover categories (x> = 119.54, df =3, p = 2.2 x 107'¢), with the
greatest abundance in Very High vegetation habitats and the lowest abundance in Low vegetation
habitats. Similarly, carapace width differed strongly among vegetation classes (y* =2367.6, df =3, p =
2.2 x 1071%), with the largest crabs occurring in habitats characterized by the greatest vegetation cover.
These relationships remained evident despite widespread habitat change throughout the lagoon.
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The strong association between vegetation cover and demographic structure is consistent with previous
studies demonstrating the importance of vegetated habitats for blue crab refuge, survival, and recruitment
(Perkins-Visser et al., 1996; Hovel & Lipcius, 2001; Hovel & Fonseca, 2005). Vegetated habitats provide
protection from predation while also supporting prey availability and foraging opportunities. The
persistence of these relationships throughout the study period suggests that habitat quality remained
closely linked to vegetation density even as the broader habitat mosaic was reorganized.

Long-term comparisons between seagrass abundance and blue crab demographics further support this
interpretation. Descriptive patterns suggested stronger positive relationships were generally observed
between seagrass cover and both abundance and carapace width before the 2011-2012 seagrass decline.
Following habitat restructuring, these relationships appeared weaker and more spatially variable,
suggesting that blue crab distributions became less closely aligned with historical seagrass distribution
patterns as habitat organization changed across the lagoon.

Study Limitations

This observational analysis does not establish that seagrass loss caused blue crab redistribution. The
fisheries and seagrass programs used different sampling designs and spatial supports, and the blue crab
record combined multiple gear types. Habitat connectivity was inferred from vegetation continuity and
spatial demographic patterns rather than measured through movement, dispersal, or exchange among
patches. In addition, rainfall from a single Titusville station is only a partial proxy for hydrologic forcing
across the lagoon. These limitations should be considered when interpreting causal, climate-driver, and
nursery-refugium claims.

Management and Habitat-Continuity Implications

The results of this study suggest that habitat continuity and spatial organization may be as important as
total habitat area when evaluating nursery habitat function within estuarine ecosystems (Beck et al., 2001;
Thrush et al., 2013). Although seagrass abundance declined substantially throughout the IRL, blue crab
demographic patterns did not change uniformly across the lagoon. Instead, hotspots became increasingly
concentrated within regions that maintained relatively persistent, vegetated habitat, indicating that the
distribution and continuity of vegetated habitat may influence demographic organization at ecosystem
scales. This interpretation is consistent with studies demonstrating that blue crab survival and abundance
are influenced not only by habitat amount but also by habitat restructuring, patch isolation, and structural
complexity (Hovel & Lipcius, 2001, 2002; Mizerek et al., 2011; Hovel & Fonseca, 2005).

These findings have important implications for restoration and management. Traditional restoration
efforts often emphasize recovery of total seagrass acreage, but the present results suggest that the spatial
continuity and distribution of vegetated habitat should also be considered when evaluating nursery habitat
function (Beck et al., 2001; Morris et al., 2022). Management strategies may therefore benefit from
considering the spatial distribution of vegetated habitat in addition to total habitat area, thereby
maintaining structurally complex nursery habitats that support blue crab refuge, foraging, and recruitment
(Perkins-Visser et al., 1996; Hovel et al., 2005). Persistent southern hotspots identified in this study may
represent areas where relatively stable vegetated habitat continues to support productive nursery function,
consistent with observations that persistent seagrass patches within the IRL occur in discrete



623  environmental settings rather than being uniformly distributed throughout the lagoon (Morris et al.,
624  2022). Conversely, persistent northern coldspots may represent priority areas for habitat restoration,
625  water-quality improvement, and long-term ecological monitoring as seagrass recovery efforts continue
626  throughout the estuary (Barile, 2018; Freeman et al., 2019).

627  More broadly, this study demonstrates that estuarine degradation may manifest not only through habitat
628  loss but also through reorganization of habitat patterns across the landscape. As eutrophication, climatic
629  variability, and watershed development continue to alter coastal ecosystems worldwide, understanding
630  how these stressors affect habitat continuity will become increasingly important for conserving estuarine-
631 dependent species. By integrating long-term habitat monitoring, fisheries-independent surveys, climate
632  records, and spatial analyses, this study shows that habitat change can be accompanied by large-scale
633  reorganization of nursery habitat patterns and associated populations across an entire estuarine ecosystem.

634 Conclusion

635  Long-term habitat change within the Indian River Lagoon (IRL) corresponded with substantial

636  reorganization of blue crab populations across the estuarine landscape. Basin-wide seagrass decline after
637  the 2011-2012 superbloom was associated with changes in the spatial distribution of blue crabs, including
638  persistent northern coldspots, concentration of southern hotspots, and increased spatial heterogeneity

639  throughout the lagoon. Habitat restructuring also showed temporal associations with climatic variability
640  and rainfall. Despite widespread ecological change, abundance and carapace width remained strongly
641 associated with vegetated habitats, with greater vegetation cover corresponding to higher abundance and
642  larger individuals.

643  These findings indicate that environmental change may affect estuarine-dependent species not only

644  through habitat loss, but also through reorganization of habitat distribution and spatial population

645  structure. The IRL provides an example of how eutrophication, climatic variability, and habitat

646  restructuring may interact to reshape nursery habitat patterns at ecosystem scales. As coastal ecosystems
647  continue to experience increasing anthropogenic and climatic pressures, conserving and restoring

648  vegetated habitat mosaics may help maintain nursery function, fisheries productivity, and ecological
649  resilience.
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