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Abstract 5 

The Indian River Lagoon (IRL), one of North America’s most biodiverse estuarine systems, has 6 

undergone extensive ecological restructuring following widespread seagrass loss associated with nutrient 7 

enrichment, the 2011-2012 superbloom event, and recurrent harmful algal blooms. Because blue crabs 8 

(Callinectes sapidus) depend on structured and spatially continuous estuarine habitats during early 9 

development, we examined whether long-term habitat loss was associated with changes in the spatial 10 

organization of blue crabs across the lagoon. Using long-term fisheries-independent monitoring data from 11 

the Florida Fish and Wildlife Conservation Commission and seagrass survey data from the St. Johns 12 

River Water Management District, we quantified relationships among blue crab relative abundance, body 13 

size, habitat cover, and climatic variability. Long-term trends indicated overall declines in both summer 14 

seagrass percent cover and mean blue crab carapace width, although these changes were characterized by 15 

substantial temporal variability and marked shifts after 2011. Low bottom-vegetation cover habitats 16 

contained smaller and less abundant crabs than highly vegetated areas. Following the 2011-2012 seagrass 17 

decline, blue crab populations became increasingly spatially reorganized, with persistent low-density 18 

regions emerging in the northern region of the lagoon and areas of elevated blue crab relative abundance 19 

concentrated in the southern lagoon. Empirical orthogonal function analysis of long-term seagrass cover 20 

data showed that a single basin-wide mode explained 64.8% of habitat variability and corresponded with 21 

rainfall variability and regional climatic oscillations. Although local water-quality variables explained 22 

relatively little variation in blue crab abundance, blue crab abundance and size structure remained 23 

strongly associated with vegetated habitat availability. These findings suggest that seagrass loss and 24 

habitat restructuring were associated with large-scale spatial reorganization of blue crabs. Because 25 

movement among habitat patches was not measured directly, connectivity is interpreted here as the spatial 26 

continuity and persistence of vegetated nursery habitat rather than demographic or dispersal connectivity. 27 
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 33 

Introduction 34 

Estuaries function as interconnected habitat mosaics in which ecological connectivity influences the 35 

persistence, productivity, and resilience of estuarine-dependent species (Elliot & Whitfield, 2025; 36 

Woodland et al., 2019). Many estuarine organisms rely on multiple habitats throughout their life cycle, 37 

linking offshore, nearshore, and estuarine environments through ontogenetic migrations and trophic 38 

interactions (Sheaves, 2009). Because of this, changes in habitat distribution and continuity can alter 39 

ecological processes that support estuarine productivity (Peterson, 2003). Consequently, habitat loss has 40 

emerged as a major concern in coastal ecosystems experiencing increasing anthropogenic and climatic 41 

pressures (Thrush et al., 2008). 42 



The blue crab, Callinectes sapidus, is a commercially and ecologically important estuarine-dependent 43 

species that supports multimillion-dollar fisheries throughout the western Atlantic Ocean (Cheng et al., 44 

2022). Additionally, blue crabs function as important mesopredators within estuarine food webs (Hines et 45 

al., 1990). Their life cycle depends on connectivity among coastal and estuarine habitats. Adult females 46 

migrate to high-salinity waters to spawn, after which larvae are transported offshore and develop as 47 

plankton (Avyle & Fowler, 1984). Successful recruitment depends on water movement processes, 48 

including tides and coastal currents, that transport larvae back into estuaries (Forward et al., 2003). As 49 

juveniles transition to a nektonic lifestyle, they recruit into shallow vegetated nursery habitats where 50 

survival and growth are strongly influenced by habitat structure and refuge availability (Hines et al., 51 

1995). 52 

Vegetated habitats play a particularly important role during the juvenile and adolescent life stages. 53 

Seagrass meadows provide refuge from predation, support abundant prey resources, and enhance 54 

abundance, survival, and recruitment relative to unvegetated substrates (Wilson et al., 1990; Perkins-55 

Visser et al., 1996; Hovel & Lipcius, 2001; Hovel & Fonseca, 2005; Hyman et al., 2023). However, 56 

nursery function depends not only on the presence of vegetated habitat but also on its spatial continuity 57 

across the landscape. Experimental and field studies have demonstrated that restructuring of seagrass 58 

habitat can reduce survival and recruitment potential by increasing predator exposure and disrupting 59 

refuge availability (Hovel & Lipcius, 2001, 2002; Mizerek et al., 2011). As a result, large-scale changes 60 

in the distribution and continuity of vegetated habitats have the potential to reorganize blue crab 61 

populations across estuarine landscapes by altering the availability and spatial arrangement of nursery 62 

habitat. In this study, nursery-habitat continuity refers to the spatial continuity and persistence of 63 

vegetated nursery habitats across lagoon regions, rather than direct larval dispersal connectivity. Direct 64 

larval dispersal and demographic exchange among habitat patches were not measured. 65 

The Indian River Lagoon (IRL), Florida, is one of the most biodiverse estuarine systems in North 66 

America and provides a useful system for examining how large-scale habitat change is associated with 67 

estuarine nursery habitat continuity. The lagoon has undergone substantial ecological change in recent 68 

decades associated with nutrient enrichment, recurrent harmful algal blooms, and widespread seagrass 69 

loss (Barile, 2018; Freeman et al., 2019; FDEP, 2018). One of the most consequential disturbances 70 

occurred during the 2011-2012 “superbloom” event (St. Johns River Water Management District 71 

[SJRWMD], 2012), when prolonged phytoplankton blooms reduced water clarity and contributed to 72 

extensive seagrass mortality throughout portions of the lagoon. Assessments have estimated that 73 

approximately 58% of seagrass habitat, representing nearly 19,000 hectares, was lost between 2011 and 74 

2019 (Morris et al., 2022). Similar responses have been documented in estuaries worldwide, where 75 

eutrophication promotes phytoplankton and macroalgal proliferation while reducing seagrass persistence 76 

through light limitation (Duarte et al., 1995; Sfriso et al., 2003; Waycott et al., 2009). 77 

Nutrient enrichment can vary in response to changing climatic and hydrologic conditions. In Florida, 78 

rainfall patterns are strongly affected by the El Niño-Southern Oscillation (ENSO), which can alter 79 

freshwater inflow, nutrient delivery, and estuarine environmental conditions (Schmidt et al., 2001; 80 

Beckage et al., 2003). El Niño phases are generally associated with wetter conditions across peninsular 81 

Florida, increasing watershed discharge and nutrient transport to estuaries, while La Niña phases are 82 

typically associated with drier conditions and reduced freshwater inflow (Schmidt et al., 2001). Shifts in 83 

rainfall patterns change stormwater-driven freshwater inflow from the watershed, which influences 84 



salinity regimes, nutrient inputs, and estuarine water quality. Elevated nutrient loading can stimulate 85 

harmful algal blooms (HABs), particularly in estuaries characterized by restricted flushing and long water 86 

residence times (Duarte et al., 1995; Barile, 2018; Freeman et al., 2019). These blooms reduce light 87 

availability through increased phytoplankton biomass and turbidity, limiting photosynthesis and 88 

contributing to declines in submerged aquatic vegetation (SAV), including seagrasses, that depend on 89 

adequate light penetration for growth and persistence (Duarte et al., 1995; Waycott et al., 2009). Because 90 

seagrass abundance is strongly influenced by environmental conditions such as salinity shifts and nutrient 91 

loading, climate-mediated hydrologic variability has the potential to alter the spatial distribution and 92 

continuity of vegetated nursery habitats across estuarine landscapes (Montagna et al., 2018). 93 

Following extensive seagrass loss beginning in 2011 (Morris et al., 2022; Brewton & Lapointe, 2023), 94 

Caulerpa prolifera expanded throughout the northern Indian River and Banana River, becoming the 95 

dominant benthic cover in several monitoring segments by 2016 (Brewton & Lapointe, 2023). These 96 

changes may represent more than simple habitat loss; they may reorganize the distribution and continuity 97 

of nursery habitat across the estuary. Because blue crabs depend on vegetated nursery habitats for refuge 98 

from predation and access to food resources during early development (Perkins-Visser et al., 1996; Hovel 99 

& Lipcius, 2001, 2002; Hovel & Fonseca, 2005), the IRL provides a long-term observational setting for 100 

evaluating how nearly three decades of environmental change (1996-2023) are associated with the spatial 101 

organization of blue crab populations and the nursery habitats upon which they depend.  102 

Previous studies have demonstrated that habitat restructuring can influence blue crab survival, abundance, 103 

and recruitment at local and patch scales (Hovel & Lipcius, 2001, 2002; Mizerek et al., 2011). However, 104 

it remains unclear whether habitat change occurring across an entire estuarine system produces 105 

comparable responses at broader spatial scales. Most research has focused on comparisons among habitat 106 

types or experimental manipulations of habitat structure, providing important insights into fine-scale 107 

habitat use but offering a more limited understanding of how long-term changes in habitat distribution on 108 

a decadal scale alter the spatial organization of estuary-dependent populations. This limitation is 109 

particularly relevant in systems undergoing rapid environmental change, where habitat loss may not 110 

simply reduce nursery area but may also reorganize the distribution and continuity of suitable habitat 111 

across the landscape. 112 

The IRL provides an opportunity to evaluate whether long-term habitat change is associated with the 113 

spatial organization of blue crab populations at the system level. The combination of widespread seagrass 114 

decline, expansion of macroalgal assemblages, and pronounced climatic variability creates a long-term 115 

observational setting for examining how environmental change corresponds with habitat distribution and 116 

associated population patterns through time. Integrating long-term fisheries-independent monitoring 117 

(FIM) with basin-wide seagrass surveys further allows assessment of whether and how changes in 118 

vegetated habitat correspond with shifts in blue crab abundance, size structure, and spatial distribution 119 

across the lagoon. 120 

This study evaluated whether long-term habitat change in the IRL was associated with the spatial 121 

organization of blue crab populations across the estuary. We hypothesized that (1) widespread seagrass 122 

decline would correspond with spatial reorganization of blue crab abundance and size structure across the 123 

lagoon, (2) blue crab relative abundance and carapace width would be positively associated with 124 

vegetated habitat cover and distribution despite widespread habitat restructuring, and (3) basin-scale 125 



habitat variability would covary with shifts in ENSO and local rainfall, reflecting climate-associated 126 

changes in benthic vegetation. To test these hypotheses, we integrated 28 years of FIM data, seagrass 127 

surveys, and climate records to examine associations among seagrass change, blue crab demographics, 128 

and environmental variability throughout the IRL. 129 

Methods 130 

Study Area 131 

The Indian River Lagoon (IRL) is a shallow, bar-built lagoonal estuary extending approximately 250 km 132 

along Florida’s Atlantic coast and consisting of three interconnected sublagoon systems: Mosquito 133 

Lagoon, Banana River, and the Indian River (Figure 1). The lagoon supports extensive ecological and 134 

economic resources (The Balmoral Group, 2025), including seagrass communities, mangrove shorelines, 135 

and nursery habitat for numerous estuarine-dependent species. The lagoon has a mean depth of 136 

approximately 1.5 m, with most areas shallower than 2 m, and experiences a microtidal regime with tidal 137 

ranges generally less than 0.5 m due to limited exchange with the Atlantic Ocean through five tidal inlets 138 

(Smith, 1993; Liu et al., 1997). These physical characteristics result in relatively long water residence 139 

times and strong spatial heterogeneity in salinity, hydrology, nutrient dynamics, and benthic habitat 140 

composition. 141 



 142 

Figure 1. Regional context of the study area in the Indian River Lagoon along Florida’s east 143 

coast. The inset highlights the study area, extending from Banana River through northern Indian 144 

River, and shows its geographic extent within the broader southeastern United States. 145 

The watershed surrounding the IRL has also undergone substantial urbanization and land-use change over 146 

recent decades. Wastewater discharge, septic leachate, stormwater runoff, fertilizer application, and 147 

altered hydrology have contributed to elevated nitrogen and phosphorus concentrations, HAB events, and 148 

declining water clarity throughout portions of the lagoon (Barile, 2018; Freeman et al., 2019; FDEP, 149 

2018). The 2011-2012 superbloom event, in particular, contributed to extensive seagrass mortality and 150 



long-term reductions in seagrass cover throughout portions of the lagoon. These watershed influences 151 

have produced pronounced spatial and temporal variability in seagrass distribution across the lagoon, 152 

providing the environmental context for the present study.  153 

Long-Term Ecological Datasets 154 

To evaluate long-term relationships among blue crab populations, benthic habitat change, and 155 

environmental variability, we integrated fisheries-independent monitoring (FIM) data with seagrass 156 

monitoring datasets collected throughout the IRL. These complementary datasets provided information on 157 

blue crab demographic structure, seagrass dynamics, and environmental conditions across multiple 158 

regions of the lagoon over 28 years. Together, they allowed assessment of how changes in vegetated 159 

habitat distribution corresponded with shifts in blue crab abundance, body size, and spatial organization 160 

through time. 161 

Blue crab demographic data were obtained from the Florida Fish and Wildlife Conservation Commission 162 

(FWC) Fisheries-Independent Monitoring (FIM) program, a long-term standardized fisheries survey 163 

designed to monitor estuarine and marine faunal communities throughout Florida. Blue crab observations 164 

were collected between 1996 and 2023 within the IRL using a combination of a 21.3m center-bag seine, 165 

an 183 m center-bag haul seine, and a 6.1 m otter trawl. Observations were obtained from FIM survey 166 

zones A-H (Figure 2). Variables extracted from the FIM database included the FIM variable NumAtSize, 167 

the number of blue crabs captured per standardized FIM sampling event, which was used as a measure of 168 

relative abundance (catch per unit effort; CPUE), carapace width (CW; mm), sex, geographic coordinates, 169 

sampling date, salinity, temperature, dissolved oxygen, pH, wind speed, and visually estimated bottom 170 

vegetation percent cover based on a visual estimate. Because multiple sampling gears were used by the 171 

FIM program, blue crab catches were standardized by gear-specific sampling effort following FWC FIM 172 

sampling protocols. Each gear was deployed using standardized procedures and sampled a defined area; 173 

blue crab CPUE was therefore calculated as the number of individuals captured divided by the 174 

corresponding area sampled, yielding a common relative-abundance metric of crabs m⁻². Standardized 175 

sampling areas were 140 m² for the 21.3-m bay seine, 68 m² for the 21.3-m river seine, 4,120 m² for the 176 

183-m haul seine, and 518.8 m² for the 6.1-m otter trawl (Florida Fish and Wildlife Conservation 177 

Commission, Fish and Wildlife Research Institute, 2019). Although standardization by sampled area 178 

accounts for differences in sampling effort among gears, potential differences in gear-specific catchability 179 

and size selectivity remain and should be considered when interpreting relative abundance patterns. 180 



 181 

Figure 2. Sampling zones (A-H) used in the Florida Fish and Wildlife Conservation Commission 182 

(FWC) Fisheries-Independent Monitoring (FIM) program across the Indian River Lagoon from 183 

1996-2023. Each point represents a sampling site, and is color-coded by zone. 184 



Seagrass data were obtained from the St. Johns River Water Management District (SJRWMD) long-term 185 

seagrass monitoring program, which has monitored seagrass communities throughout the Indian River 186 

Lagoon since 1994 (Figure 3). Occasional years in which individual monitoring transects were not 187 

surveyed were treated as missing observations and were not interpolated. Annual mean seagrass percent 188 

cover for each FIM zone was calculated using all available monitoring sites sampled during that year. 189 

Fixed transects are surveyed at least twice annually during summer and winter, corresponding to periods 190 

of maximum and minimum seagrass abundance, respectively, while a subset of transects is monitored 191 

monthly to capture seasonal variability. Surveys employ a standardized, non-destructive, quantitative 192 

transect-and-quadrat sampling protocol in which permanent transects extend approximately perpendicular 193 

to the shoreline, from the shoreline to the deep edge of the seagrass bed and are marked by permanently 194 

installed PVC stakes. At each sampling event, seagrass percent cover and associated benthic vegetation 195 

characteristics are quantified along each transect (SJRWMD, 2025). 196 

For this study, summer seagrass observations were selected because they represent peak annual seagrass 197 

abundance and provide a consistent basis for evaluating interannual changes in seagrass distribution. Site-198 

level seagrass percent cover was subsequently organized by FWC FIM zone and year for comparison with 199 

blue crab demographic data. 200 



 201 

Figure 3. Fixed long-term seagrass monitoring stations within the Indian River Lagoon. Points 202 

represent sites sampled by the St. Johns River Water Management District (SJRWMD) for 203 

seagrass surveys from 1994-2024. 204 



Both FWC and SJRWMD sampling locations were transformed into a common coordinate system (NAD 205 

1983 StatePlane Florida East FIPS 0901) within ArcGIS Pro (Version 3.2; ESRI, Redlands, California, 206 

USA). Because the SJRWMD monitoring program employs fixed transects whereas the FWC FIM 207 

program uses a stratified-random sampling design, SJRWMD seagrass monitoring sites were assigned to 208 

their corresponding FIM survey zones. Seagrass percent cover was then subsequently summarized by 209 

FIM zone and year, allowing direct comparison with blue crab demographic data collected within the 210 

same spatial framework. 211 

Spatial and Temporal Patterns of Blue Crab Demographic Structure 212 

A series of spatial analyses was used to evaluate long-term spatial patterns in both seagrass beds and blue 213 

crab populations throughout the IRL. First, Kernel Interpolation with Barriers (KIB) was performed in 214 

ArcGIS Pro (Version 3.2; ESRI, Redlands, California, USA) to visualize spatial patterns in blue crab 215 

abundance and carapace width. KIB was chosen because the method incorporates physical barriers, such 216 

as water boundaries, that prevent interpolation across land masses and disconnected waterbodies, making 217 

it appropriate for elongated lagoonal estuaries characterized by restricted hydrologic connectivity. 218 

Interpolated surfaces were generated for three representative temporal periods: 1997-1999, representing 219 

conditions prior to widespread seagrass decline; 2007-2009, representing conditions immediately 220 

preceding the 2011-2012 superbloom; and 2015-2017, representing post-disturbance conditions following 221 

large-scale seagrass loss and habitat restructuring. These periods were selected to illustrate changes in 222 

blue crab spatial distribution before and after the major ecological transition within the IRL. 223 

Getis-Ord Gi hotspot analyses were conducted separately for blue crab relative abundance (measured as 224 

catch per unit effort) and carapace width using spatially standardized FIM data pooled across the 1996–225 

2023 study period. Local spatial relationships were defined using a K-nearest neighbors conceptualization 226 

(500 neighbors) with Euclidean distance and row standardization. The Getis-Ord Gi statistic was used to 227 

identify clusters of relatively high (hotspots) and low (coldspots) values based on local spatial 228 

autocorrelation. Statistical significance was evaluated using the False Discovery Rate (FDR) correction to 229 

account for multiple spatial comparisons (Getis & Ord, 1992; ESRI, 2024). Hotspot analyses were used to 230 

identify persistent regions of elevated or reduced demographic values throughout the lagoon. 231 

Emerging Hotspot Analysis (EHA) was conducted using ArcGIS Pro space-time cube analyses to 232 

incorporate both spatial and temporal dimensions of blue crab distribution patterns. EHA identifies 233 

temporal trajectories of spatial clustering, including persistent, intensifying, diminishing, oscillating, and 234 

newly emerging hotspots and coldspots. These analyses were used to evaluate temporal changes in blue 235 

crab spatial organization throughout the study period. 236 

Spatial and Temporal Patterns of Seagrass Habitat 237 

Empirical Orthogonal Function (EOF) analysis and Principal Component Analysis (PCA) were used to 238 

evaluate dominant spatial and temporal patterns in seagrass cover throughout the IRL. Annual summer 239 

seagrass percent-cover data from individual SJRWMD monitoring sites were organized into a site × year 240 

matrix, with monitoring sites represented spatially and survey years represented temporally. Missing 241 

values (<8% of the dataset) were imputed using the annual mean across monitoring sites, and the matrix 242 

was mean centered by subtracting each site's long-term mean. EOF decomposition was then performed 243 



using Singular Value Decomposition (SVD) to identify dominant spatial patterns of seagrass variability 244 

across the lagoon. Spatial loadings were associated with the geographic coordinates of individual 245 

SJRWMD monitoring sites, while the corresponding principal component scores represented temporal 246 

variation in each EOF mode. EOF1 represented the dominant mode of seagrass variability and its 247 

associated PC1 time series was used to evaluate temporal variability in benthic habitat structure 248 

throughout the lagoon. 249 

Annual rainfall and ENSO datasets were used to examine associations between climatic variability and 250 

annual seagrass cover patterns. Annual rainfall data from Titusville, Florida, obtained from the Florida 251 

Climate Center, were calculated as the mean monthly precipitation for each calendar year (January-252 

December) and used as a partial proxy for regional inflow variability affecting the northern and central 253 

IRL. ENSO variability was evaluated using Oceanic Niño Index (ONI) data obtained from the National 254 

Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center. Relationships between 255 

PC1 (representing the dominant temporal pattern in seagrass cover) and annual rainfall and ONI values 256 

were evaluated using Spearman rank correlations due to non-normality and potential nonlinear 257 

relationships among variables. Correlations were evaluated across the full study period and separately for 258 

years through 2010 and after 2010 to examine whether climate-habitat associations differed following the 259 

onset superbloom events beginning in 2010 in the IRL. 260 

Blue Crab Demographic and Habitat Association Analyses 261 

Generalized Additive Models (GAMs) were used to evaluate nonlinear relationships between blue crab 262 

demographic metrics and environmental variables. Models were developed using the mgcv package in R 263 

(Version 4.4.1; R Core Team, 2024) with restricted maximum likelihood (REML) smoothing parameter 264 

estimation. FIM response variables included blue crab relative abundance (NumAtSize) and carapace 265 

width (CW; mm). FIM predictor environmental variables included salinity, temperature, dissolved 266 

oxygen, pH, wind speed, and BottomVegCover. These variables were recorded concurrently with each 267 

biological sampling event and characterize local environmental conditions at the time of collection. 268 

BottomVegCover was estimated visually in the field as the percent cover of submerged bottom vegetation 269 

present at each sampling location. BottomVegCover values recorded within the FWC FIM dataset were 270 

categorized into four vegetation cover classes: Low (0-25%), Medium (>25-50%), High (>50-75%), and 271 

Very High (>75%). While these visual estimates provide an effective measure of local habitat conditions 272 

for evaluating relationships between blue crab demographics and vegetation at individual sampling 273 

events, they are not intended to quantify long-term changes in seagrass distribution or abundance. 274 

Consequently, analyses of basin-scale habitat change utilized the SJRWMD seagrass monitoring program, 275 

which employs standardized permanent transects and quantitative sampling methods specifically designed 276 

to monitor temporal changes in seagrass percent cover throughout the IRL. 277 

Nonparametric Kruskal-Wallis tests were used to evaluate differences in blue crab relative abundance and 278 

carapace width among vegetation cover classes due to non-normality of the response variables. Pairwise 279 

differences among vegetation cover classes were subsequently evaluated using Dunn’s post hoc tests with 280 

Benjamini-Hochberg corrections for multiple comparisons. 281 

Long-term habitat-demographic relationships were evaluated by correlating annual seagrass percent cover 282 

derived from SJRWMD monitoring data with annual mean blue crab abundance and carapace width 283 



obtained from the FWC FIM dataset. Relationships were evaluated at lagoon-wide and zone-specific 284 

spatial scales. Analyses were conducted across the full temporal record as well as within pre- and post-285 

2012 periods following the 2011-2012 superbloom. Spearman rank correlations were used to evaluate 286 

associations among seagrass cover, blue crab abundance, and carapace width due to non-normality and 287 

potential nonlinear relationships among variables. 288 

Results 289 

Long-Term Benthic Habitat Change 290 

Lagoon-wide mean summer seagrass cover at surveyed transects exceeded 30% at the survey transects 291 

during periods of relatively stable benthic vegetation from 1996 to 2010 but declined to less than 5% 292 

following the system-wide seagrass die-off during 2017-2023 (Figure 4). 293 

Results of the Empirical Orthogonal Function (EOF) analysis demonstrated that a strong basin-wide 294 

temporal signal dominated annual seagrass cover change within the IRL. EOF1 accounted for 64.8% of 295 

total variance in the site-by-year seagrass cover matrix, substantially exceeding the variance explained by 296 

subsequent modes (EOF2 = 5.8%, EOF3 = 4.1%, EOF4 = 3.6%, EOF5 = 2.9%) (Figure 4). Temporal 297 

patterns in EOF1 captured major shifts in lagoon-wide seagrass cover, with pronounced increases in the 298 

early 2000s and after 2011. Spatial loadings associated with EOF1 were coherent across nearly all 299 

monitoring locations, indicating that a similar pattern occurred at a basin-wide scale rather than being 300 

restricted to individual regions. Strong negative loadings were concentrated within the northern and 301 

central lagoon regions. PC1 was negatively correlated with seagrass percent cover, with lower PC1 values 302 

corresponding to periods of relatively high seagrass abundance and higher PC1 values corresponding to 303 

periods of reduced seagrass cover. 304 



 305 

Figure 4. Variance explained by the first five empirical orthogonal functions (EOF1-EOF5) for 306 

seagrass time series across the IRL. EOF1 accounted for 64.8% of total variance, representing 307 

the dominant basin-wide temporal signal. The spatial loading map (right) illustrates broadly 308 

coherent negative loadings throughout the lagoon, reflecting a system-wide transition away from 309 

seagrass dominance. The associated PC1 time series (bottom left) captures long-term variability 310 

in seagrass cover, including the post 2011 seagrass decline. 311 

Relationships Among Seagrass PC1, Rainfall, and ONI 312 

PC1 scores, representing the dominant temporal pattern in seagrass percent cover, were compared with 313 

annual rainfall and Oceanic Niño Index (ONI) values. Comparisons amongPC1, annual rainfall, and the 314 

Oceanic Niño Index (ONI) showed that PC1 values remained relatively low during 2002-2009, when 315 

lagoon-wide seagrass cover was comparatively stable, and increased markedly following the 2011-2012 316 

seagrass die-off, when seagrass cover declined throughout the lagoon (Figure 5). PC1 represented the 317 

dominant mode of temporal variability identified by the EOF analysis, with EOF1 explaining 64.8% of 318 

the total variance in seagrass cover. 319 

Across the full study period, PC1 exhibited little monotonic association with either annual mean ONI 320 

(Spearman's ρ = 0.044, p = 0.815) or annual rainfall (ρ = 0.061, p = 0.747). When evaluated separately 321 

around the onset of widespread seagrass decline, the relationships remained weak. Through 2010, PC1 322 



exhibited a weak positive association with ONI (ρ = 0.201, p = 0.439) and little association with annual 323 

rainfall (ρ = 0.050, p = 0.854). After 2010, PC1 exhibited a weak negative association with ONI (ρ = 324 

−0.138, p = 0.637) and little association with annual rainfall (ρ = 0.004, p = 0.988). Despite these weak 325 

monotonic relationships, visual comparison of the time series indicated periods of temporal 326 

correspondence between PC1 and alternating El Niño and La Niña phases, particularly before 2010 327 

(Figure 5). PC1 and annual rainfall similarly exhibited periods of visual temporal correspondence before 328 

2010 (Figure 6). 329 

Annual rainfall variability also corresponded with EOF-derived habitat restructuring indices. PC1 values 330 

were positively associated with annual rainfall during portions of the study period prior to the superbloom 331 

event (Figure 6). Wetter years generally corresponded with elevated PC1 values, whereas drought periods 332 

aligned with comparatively lower PC1 phases. Some of the largest increases in PC1 occurred following 333 

dry periods within the Titusville rainfall record. PC1 variability corresponded with annual rainfall 334 

variability and ENSO oscillations throughout the study period. Because rainfall from a single Titusville 335 

station represents only part of the study system, it is interpreted as a partial regional proxy rather than a 336 

lagoon-wide measure of hydrologic forcing. 337 

 338 



Figure 5. Time-series comparison of the first principal component (PC1; black solid line) and 339 

the Oceanic Niño Index (ONI; black dotted line) during 1996–2023, with shaded regions 340 

denoting El Niño (red) and La Niña (blue) events. Negative PC1 phases correspond with periods 341 

of greater lagoon-wide seagrass abundance, whereas positive PC1 phases align with intervals of 342 

reduced seagrass cover. 343 

 344 

Figure 6. Time-series comparison of the first principal component (PC1) from the EOF analysis 345 

and average annual rainfall at Titusville, Florida during 1994-2024. The PC1 time series (black 346 

line, left axis) reflects lagoon-wide variability in seagrass cover, while annual precipitation (blue 347 

dashed line, right axis) is used as a partial regional proxy for hydrologic variability affecting the 348 

northern Indian River Lagoon. 349 

Spatial Reorganization of Blue Crab Demographic Structure 350 

Spatial analyses revealed changes in blue crab abundance and size structure throughout the IRL during 351 

the study period. Kernel Interpolation with Barriers (KIB) (Figure 7), Getis-Ord Gi* hotspot analyses 352 

(Figure 8), and Emerging Hotspot Analyses (Figure 9) were consistent with increasing spatial 353 

heterogeneity in blue crab abundance and carapace width following widespread benthic habitat 354 

restructuring associated with post-2011 seagrass decline. 355 

Kernel interpolation analyses identified persistent spatial contrasts between northern and southern lagoon 356 

regions throughout the study period (Figure 7). During earlier periods characterized by relatively greater 357 

seagrass continuity, blue crab abundance and carapace width exhibited broader spatial distributions across 358 

multiple lagoon regions. Following the 2011-2012 superbloom and associated seagrass collapse, higher 359 



interpolated values became increasingly concentrated within portions of the southern lagoon, while 360 

northern regions exhibited lower abundance and body size values. The spatial contraction of high-density 361 

regions was particularly evident within the northern IRL and Banana River. 362 

Getis-Ord Gi* hotspot analyses identified strong spatial clustering of demographic values throughout the 363 

lagoon (Figure 8). Persistent coldspots in blue crab relative abundance and carapace width occurred 364 

primarily within the northern portion of the study area, whereas hotspots were concentrated within 365 

southern portions of the study area near the Fort Pierce and Vero Beach regions. These hotspot patterns 366 

remained relatively consistent across multiple temporal periods. 367 

Emerging Hotspot Analysis (EHA) showed that blue crab spatial clustering within the IRL varied through 368 

time (Figure 9). Persistent, intensifying, and diminishing hotspot patterns were observed across lagoon 369 

regions. Several northern lagoon regions transitioned toward persistent or emerging coldspot 370 

classifications during later portions of the study period, whereas portions of the southern lagoon 371 

maintained stable or intensifying hotspot conditions. Collectively, these spatial analyses indicate that 372 

clustering became increasingly concentrated within southern lagoon regions during the period of 373 

widespread benthic habitat restructuring. 374 

 375 

Figure 7. Kernel Interpolation with Barriers (KIB) maps showing interpolated blue crab density 376 

across the IRL for three representative time periods: 1997-1999, 2007-2009, and 2015-2017. The 377 

interpolation was constrained by lagoon boundaries, barrier islands, and inlets to minimize edge 378 

effects. Blue crab density declined over time, particularly in the Banana River and northern 379 

Indian River. 380 



 381 

Figure 8. Getis-Ord Gi* hotspot analysis of blue crab density during 1996-2023, showing 382 

clusters of high (hotspots) and low (coldspots) crab abundance within the study area of the 383 

Indian River Lagoon. Hotspots (red tones) occurred primarily within the southern portion of the 384 

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

area. 386 



 387 

Figure 9. Emerging Hot Spot Analysis (EHA) of blue crab density (1996-2023) showing 388 

temporal patterns of hotspots and coldspots of crab abundance within the Indian River Lagoon. 389 

Persistent and intensifying hotspots (red tones) occurred in southern zones, whereas coldspots 390 

(blue tones) were concentrated in the northern lagoon, reflecting long-term spatial reorganization 391 

following seagrass decline and macroalgal expansion. 392 

Environmental Drivers of Blue Crab Demographic Structure 393 

Generalized Additive Models (GAMs) identified nonlinear relationships between blue crab demographic 394 

metrics and environmental gradients throughout the IRL (Figure 10, Figure 11). Environmental predictors 395 



explained relatively little variation in blue crab abundance, whereas carapace width exhibited stronger 396 

relationships with environmental variables and vegetated habitat structure. 397 

The abundance GAM explained 3.04% of the total deviance, indicating that the measured 398 

environmental variables collectively accounted for little variation in blue crab relative abundance 399 

(Table 1). Among the single-predictor models, pH explained the greatest proportion of deviance 400 

(2.40%; edf = 7.08, F = 31.39, p = 1.09 × 10⁻⁴⁹), followed by dissolved oxygen (0.95%; edf = 3.90, 401 

F = 20.48, p = 7.01 × 10⁻²⁰), bottom vegetation cover (0.84%; edf = 2.35, F = 22.66, p = 7.17 × 402 

10⁻¹⁴), salinity (0.42%; edf = 4.03, F = 8.67, p = 3.36 × 10⁻⁸), wind speed (0.33%; edf = 1.91, F = 403 

14.17, p = 8.19 × 10⁻⁸), and temperature (0.06%; edf = 2.72, F = 1.39, p = 0.239). The full model 404 

explained 3.04% of the deviance (n = 7,520), indicating that the measured environmental 405 

predictors collectively had limited explanatory power for blue crab relative abundance at the 406 

lagoon-wide scale. 407 

The carapace width GAM explained 34.20% of the total deviance, indicating that the measured 408 

environmental variables collectively accounted for substantial variation in blue crab body size 409 

(Table 2). Among the single-predictor GAMs, bottom vegetation cover explained the greatest 410 

proportion of deviance (24.71%; edf = 8.71, F = 276.31, p = 2.88 × 10⁻⁴⁵⁷), followed by salinity 411 

(11.57%; edf = 8.55, F = 179.05, p = 1.15 × 10⁻³¹⁸) and pH (11.22%; edf = 5.65, F = 219.95, p = 412 

1.49 × 10⁻²⁹⁹). Temperature explained 4.23% of the deviance (edf = 7.55, F = 63.11, p = 1.79 × 413 

10⁻¹⁰⁷), followed by dissolved oxygen (2.12%; edf = 6.84, F = 31.99, p = 1.05 × 10⁻⁴⁹) and wind 414 

speed (1.38%; edf = 7.87, F = 18.61, p = 2.03 × 10⁻²⁹). The full model explained 34.20% of the 415 

deviance (n = 7,520), indicating that the measured environmental variables collectively accounted 416 

for substantial variation in blue crab carapace width, with bottom vegetation cover explaining the 417 

greatest proportion of deviance when considered individually. 418 



 419 

Figure 10. Partial effect smooths from Generalized Additive Models (GAMs) showing the 420 

nonlinear relationships between blue crab abundance (NumAtSize) and environmental predictors 421 

(temperature, salinity, dissolved oxygen, pH, and wind speed. Solid lines represent estimated 422 

smooth functions with 95% confidence intervals (gray shading). Patterns indicate nonlinear and 423 

threshold responses across environmental gradients. 424 

Table 1. Summary of GAM smooth terms for blue crab abundance (NumAtSize) vs. 425 

environmental predictors. Reported statistics include estimated degrees of freedom (edf), F-426 

value, p-value, deviance explained, and sample size. 427 

Predictor edf Ref. 

df 

F-

value 

p-value Deviance explained 

(%) 

N 

Temperature 2.72 3.43 1.39 2.39e-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-

20 

0.95 10,703 

pH 7.08 8.10 31.39 1.09e-

49 

2.40 10,614 

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

Bottom vegetation 

cover 

2.35 2.82 22.66 7.17e-

14 

0.84 7,603 

Full model — — — — 3.04 7,520 

 428 



 429 

Figure 11. Partial effect smooths from Generalized Additive Models (GAMs) showing the 430 

nonlinear relationships between blue crab carapace width (CW) and environmental predictors 431 

(temperature, salinity, dissolved oxygen, pH, and wind speed). Solid lines represent estimated 432 

smooth functions with 95% confidence intervals (gray shading). Patterns indicate nonlinear and 433 

threshold responses across environmental gradients. 434 

Table 2. Summary of GAM smooth terms for blue crab carapace width (CW) vs. environmental 435 

predictors. Reported statistics include estimated degrees of freedom (edf), F-value, p-value, 436 

deviance explained, and sample size. 437 

Predictor edf Ref. 

df 

F-

value 

p-value Deviance explained 

(%) 

N 

Temperature 7.55 8.47 63.11 1.79e-

107 

4.23 12,294 

Salinity 8.55 8.94 179.05 1.15e-

318 

11.57 12,303 

Dissolved oxygen 6.84 7.92 31.99 1.05e-49 2.12 12,011 

pH 5.65 6.78 219.95 1.49e-

299 

11.22 11,857 

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

Bottom vegetation 

cover 

8.71 8.97 276.31 2.88e-

457 

24.71 7,603 

Full model — — — — 34.20 7,520 



Vegetation Structure and Blue Crab Demographics 438 

Blue crab relative abundance varied among BottomVegCover categories (Kruskal-Wallis χ² = 119.54, df 439 

= 3, p = 2.2 × 10⁻¹⁶) (Table 3). Mean relative abundance generally increased with vegetation cover, with 440 

the highest values occurring in Very High vegetation habitats (>75% BottomVegCover) and the lowest 441 

values occurring in Low vegetation habitats (0–25% BottomVegCover). Dunn's post hoc comparisons 442 

provided strong evidence of differences between Low bottom vegetation habitats and the Medium 443 

(adjusted p = 7.66 × 10-11), High (adjusted p = 1.69 × 10-10), and Very High (adjusted p = 1.39 × 10-16) 444 

vegetation classes. Comparisons of Very High vegetation habitats with Medium (adjusted p = 0.016) and 445 

High (adjusted p = 0.020) vegetation habitats also indicated differences between these classes, whereas 446 

High and Medium vegetation habitats exhibited little evidence of a difference (adjusted p = 0.908). 447 

Carapace width varied among vegetation cover categories (Kruskal-Wallis χ² = 2367.6, df = 3, p = 2.2 × 448 

10⁻¹⁶) (Table 4). Mean carapace width increased progressively with vegetation cover, with the smallest 449 

individuals occurring in Low vegetation habitats and the Medium (adjusted p = 6.07 × 10-32), High 450 

(adjusted p = 5.99 × 10-31), and Very High (adjusted p = 5.23 × 10-32) vegetation classes. Dunn's post hoc 451 

comparisons provided strong evidence of differences between Low vegetation habitats and each of the 452 

other vegetation classes. Comparisons of Very High vegetation habitats with both Medium (adjusted p = 453 

3.21 × 10-17) and High (1.04 × 10-17) vegetation habitats also indicated differences in carapace width. In 454 

contrast, carapace widths were similar between High and Medium vegetation categories (adjusted p = 455 

0.888). Collectively, these results indicate that habitats with greater vegetation density supported both 456 

higher abundance and larger body sizes throughout the lagoon. 457 

Table 3. Dunn’s post hoc pairwise comparisons of blue crab abundance (NumAtSize) among 458 

bottom vegetation cover categories following a Kruskal-Wallis test. Z-statistics and Benjamini–459 

Hochberg adjusted p-values are shown for each comparison. 460 

Comparison Z statistic Adjusted p value 

High - Low -6.49 1.69e-10 

High - Medium 0.12 9.08e-01 

Low - Medium 6.67 7.66e-11 

High - VeryHigh -2.40 1.99e-02 

Low - VeryHigh 8.48 1.39e-16 

Medium - VeryHigh -2.56 1.59e-02 

Table 4. Dunn’s post hoc pairwise comparisons of blue crab carapace width (CW) among 461 

bottom vegetation cover categories following a Kruskal-Wallis test. Z-statistics and Benjamini–462 

Hochberg adjusted p-values are shown for each comparison. 463 

Comparison Z statistic Adjusted p value 

High - Low 11.63 5.99e-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 



Medium - VeryHigh -8.46 3.27e-17 

Long-Term Relationships Between Seagrass Cover and Blue Crab Demographic Metrics 464 

Long-term comparisons among seagrass cover and blue crab demographic metrics showed temporal 465 

covariation between benthic habitat structure and blue crab populations throughout the IRL. Relationships 466 

among annual seagrass percent cover, blue crab relative abundance, and carapace width varied 467 

substantially during the study period, with pronounced changes occurring following the 2011–2012 468 

superbloom and associated seagrass collapse. 469 

Annual mean blue crab relative abundance generally declined alongside reductions in lagoon-wide 470 

seagrass cover throughout the study period. Periods characterized by relatively high seagrass cover during 471 

the late 1990s and early 2000s corresponded with comparatively elevated relative abundance throughout 472 

the lagoon, whereas years following widespread seagrass decline exhibited greater variability and reduced 473 

relative abundance across several lagoon regions. Although annual blue crab relative abundance exhibited 474 

only a weak overall temporal decline (−0.0053 CPUE yr⁻¹; R² = 0.04), summer seagrass cover declined 475 

consistently throughout the study period (−1.097% yr⁻¹; R² = 0.883), reflecting substantial long-term loss 476 

of structured benthic habitat. 477 

Mean carapace width also generally declined during periods characterized by reduced benthic vegetation 478 

throughout the study period (Figure 12). Before the superbloom event in the early 2010s, periods of 479 

relatively continuous seagrass cover were associated with larger mean body sizes throughout much of the 480 

lagoon. Following large-scale habitat restructuring, carapace width became increasingly variable across 481 

regions, with several northern lagoon areas exhibiting persistent reductions in mean body size. Across the 482 

full study period, mean carapace width declined by 1.024 mm yr⁻¹ (R² = 0.333), indicating a gradual 483 

reduction in body size through time. 484 

Zone-level comparisons further demonstrated considerable spatial heterogeneity in habitat demographic 485 

relationships throughout the lagoon. Northern lagoon regions experiencing the greatest losses of seagrass 486 

generally exhibited larger declines in blue crab relative abundance and carapace width than portions of 487 

the southern IRL, where vegetated habitats remained comparatively more persistent. These regional 488 

differences were evident in the zone-specific time series, which showed steeper declines in seagrass cover 489 

and more pronounced changes in blue crab demographic metrics in northern FIM zones than in southern 490 

portions of the lagoon. 491 



 492 

Figure 12. Long-term trends in average blue crab carapace width (CW; blue line, left axis) from 493 

the FIM dataset and summer seagrass percent cover (green line, right axis) from the SJRWMD 494 

long-term seagrass monitoring program across the Indian River Lagoon, 1996-2023. Dotted lines 495 

represent descriptive linear trend fits for each time series.  496 

Discussion 497 

Habitat Restructuring and Spatial Reorganization of Blue Crab Populations 498 

This study demonstrates that long-term habitat change within the Indian River Lagoon (IRL) 499 

corresponded with substantial reorganization of blue crab populations across the estuarine landscape 500 

(Hovel & Lipcius 2001, 2002; Sheaves et al. 2009). The strongest evidence for basin-scale habitat change 501 

emerged from the EOF analysis, in which EOF1 explained 64.8% of total variance in seagrass cover and 502 



the first five EOF modes explained 81.3% of total variance. These results indicate coherent temporal 503 

variation across much of the lagoon rather than through isolated local changes, consistent with the lagoon-504 

wide habitat restructuring documented following widespread seagrass decline (Morris et al. 2022; 505 

Brewton & Lapointe 2023). The temporal trajectory of EOF1 further shows that the most pronounced 506 

shifts in habitat structure occurred during periods of major seagrass decline, particularly after the 2011-507 

2012 superbloom event. 508 

Spatial analyses indicate that blue crab distributions changed during the period of habitat restructuring 509 

rather than declining uniformly throughout the lagoon. Kernel interpolation and hotspot analyses revealed 510 

persistent northern coldspots and southern hotspots in both abundance and carapace width following 511 

widespread seagrass loss. Emerging Hotspot Analysis further demonstrated that these patterns remained 512 

dynamic through time, with some regions transitioning toward persistent coldspot conditions while others 513 

maintained stable or intensifying hotspots. Collectively, these findings suggest that habitat degradation 514 

was associated with reorganization of blue crab populations and that potential nursery function may have 515 

become concentrated within regions that retained relatively persistent, vegetated habitat (Beck et al. 2001; 516 

Hovel & Lipcius 2001, 2002; Thrush et al. 2008; Sheaves et al. 2009; Woodland et al. 2019). 517 

Previous studies have demonstrated that habitat restructuring influences blue crab survival and 518 

distribution at relatively small spatial scales. In experimental seagrass landscapes, Hovel and Lipcius 519 

(2001) found that blue crab survival depended jointly on seagrass patch size and shoot density, 520 

demonstrating that habitat complexity and landscape structure interact to influence predation risk. 521 

Expanding on this work, Hovel and Lipcius (2002) showed that patch isolation, structural complexity, 522 

seasonal changes in seagrass configuration, and crab density collectively influenced survival and 523 

abundance, emphasizing that habitat restructuring cannot be considered independently of habitat 524 

connectivity and temporal variation. Our study extends these findings from individual habitat patches to 525 

an entire estuarine ecosystem by demonstrating that long-term habitat restructuring corresponded with 526 

basin-scale reorganization of blue crab relative abundance and body size. Rather than examining how 527 

habitat restructuring influences survival within individual seagrass patches, our analyses indicate that 528 

widespread seagrass loss and habitat restructuring corresponded with changes in the spatial distribution of 529 

blue crabs across the Indian River Lagoon over nearly three decades. However, because movement, 530 

dispersal, and exchange among habitat patches were not measured, this study does not directly quantify 531 

functional connectivity but instead infers changes in nursery habitat organization from long-term spatial 532 

patterns in habitat and blue crab distributions. 533 

Climatic and Watershed Associations with Habitat Change 534 

EOF-derived habitat indices exhibited periods of visual correspondence with annual rainfall variability 535 

and ENSO oscillations. However, these patterns did not result in significant monotonic relationships 536 

between PC1 and either annual rainfall or ONI across the full study period or when evaluated separately 537 

through and after 2010. Positive ONI phases sometimes coincided with declines in PC1, whereas negative 538 

ONI phases sometimes coincided with elevated PC1 values. These patterns therefore suggest that climatic 539 

variability only explain a part of long-term seagrass variability across the IRL. 540 

Although the correlations observed in this study do not demonstrate a direct relationship between annual 541 

climatic variability and PC1, watershed-estuary coupling provides a plausible mechanism through which 542 



climatic variability can influence benthic habitat conditions in the IRL. Rainfall influences freshwater 543 

inflow, nutrient transport, turbidity, and residence time throughout the IRL. Under eutrophic conditions, 544 

increased nutrient loading and reduced water clarity can suppress seagrass persistence while promoting 545 

phytoplankton blooms and opportunistic primary producers. The widespread seagrass decline associated 546 

with the 2011-2012 superbloom represents one of the clearest examples of this process within the lagoon. 547 

These findings are consistent with previous studies identifying nutrient enrichment as a primary driver of 548 

ecological degradation in the Indian River Lagoon. Barile (2018) demonstrated that nitrogen enrichment 549 

derived from human wastewater sources was widespread throughout the lagoon, with elevated δ¹⁵N 550 

values indicating increasing nitrogen loading during wetter years, suggesting that rainfall-driven 551 

watershed runoff can enhance nutrient delivery to the estuary. Similarly, Freeman et al. (2019) described 552 

how urbanization and watershed development increase sediment and nutrient runoff, promoting harmful 553 

algal blooms, reduced water clarity, and ultimately seagrass decline through light limitation. These 554 

regional observations are consistent with broader conceptual and global studies showing that nutrient 555 

enrichment drives shifts from seagrass-dominated communities to macroalgal and phytoplankton-556 

dominated systems (Duarte et al., 1995), contributing to widespread seagrass loss in coastal ecosystems 557 

worldwide (Waycott et al., 2009). Previous studies therefore provide a mechanistic basis for the periods 558 

of temporal correspondence observed in this study between climatic variability and seagrass dynamics. 559 

However, the weak correlations between PC1 and both annual rainfall and ONI indicate that these broad 560 

annual climate metrics alone do not consistently account for long-term seagrass variability. Climatic and 561 

hydrologic processes may instead interact with nutrient enrichment, water clarity, residence time, and 562 

other local or lagged processes that were not directly evaluated here. 563 

The weak relationships between PC1 and the climatic variables should also be interpreted in the context 564 

of the temporal and spatial resolution of the datasets. Annual rainfall from a single Titusville station 565 

provides only a partial proxy for hydrologic conditions across the approximately 250-km lagoon, and 566 

annual averaging of both rainfall and ONI may obscure seasonal, event-scale, or lagged relationships with 567 

seagrass dynamics. 568 

Blue Crab Demographic Responses to Habitat Change 569 

Although habitat restructuring corresponded with substantial changes in blue crab spatial organization, 570 

demographic responses differed between abundance and body size. Environmental variables explained 571 

only 3.04% of deviance in abundance but explained 34.20% of deviance in carapace width, suggesting 572 

that body size may be more closely associated with measured habitat and environmental conditions than 573 

abundance alone. This distinction is important because abundance can be influenced by numerous factors, 574 

including recruitment variability, movement, gear effects, and sampling conditions, whereas size structure 575 

may provide a complementary indication of habitat quality. 576 

Vegetation density emerged as one of the most consistent correlators of blue crab demographic structure. 577 

Abundance differed among BottomVegCover categories (χ² = 119.54, df = 3, p = 2.2 × 10⁻¹⁶), with the 578 

greatest abundance in Very High vegetation habitats and the lowest abundance in Low vegetation 579 

habitats. Similarly, carapace width differed strongly among vegetation classes (χ² = 2367.6, df = 3, p = 580 

2.2 × 10⁻¹⁶), with the largest crabs occurring in habitats characterized by the greatest vegetation cover. 581 

These relationships remained evident despite widespread habitat change throughout the lagoon. 582 



The strong association between vegetation cover and demographic structure is consistent with previous 583 

studies demonstrating the importance of vegetated habitats for blue crab refuge, survival, and recruitment 584 

(Perkins-Visser et al., 1996; Hovel & Lipcius, 2001; Hovel & Fonseca, 2005). Vegetated habitats provide 585 

protection from predation while also supporting prey availability and foraging opportunities. The 586 

persistence of these relationships throughout the study period suggests that habitat quality remained 587 

closely linked to vegetation density even as the broader habitat mosaic was reorganized. 588 

Long-term comparisons between seagrass abundance and blue crab demographics further support this 589 

interpretation. Descriptive patterns suggested stronger positive relationships were generally observed 590 

between seagrass cover and both abundance and carapace width before the 2011-2012 seagrass decline. 591 

Following habitat restructuring, these relationships appeared weaker and more spatially variable, 592 

suggesting that blue crab distributions became less closely aligned with historical seagrass distribution 593 

patterns as habitat organization changed across the lagoon. 594 

Study Limitations 595 

This observational analysis does not establish that seagrass loss caused blue crab redistribution. The 596 

fisheries and seagrass programs used different sampling designs and spatial supports, and the blue crab 597 

record combined multiple gear types. Habitat connectivity was inferred from vegetation continuity and 598 

spatial demographic patterns rather than measured through movement, dispersal, or exchange among 599 

patches. In addition, rainfall from a single Titusville station is only a partial proxy for hydrologic forcing 600 

across the lagoon. These limitations should be considered when interpreting causal, climate-driver, and 601 

nursery-refugium claims. 602 

 603 

Management and Habitat-Continuity Implications 604 

The results of this study suggest that habitat continuity and spatial organization may be as important as 605 

total habitat area when evaluating nursery habitat function within estuarine ecosystems (Beck et al., 2001; 606 

Thrush et al., 2013). Although seagrass abundance declined substantially throughout the IRL, blue crab 607 

demographic patterns did not change uniformly across the lagoon. Instead, hotspots became increasingly 608 

concentrated within regions that maintained relatively persistent, vegetated habitat, indicating that the 609 

distribution and continuity of vegetated habitat may influence demographic organization at ecosystem 610 

scales. This interpretation is consistent with studies demonstrating that blue crab survival and abundance 611 

are influenced not only by habitat amount but also by habitat restructuring, patch isolation, and structural 612 

complexity (Hovel & Lipcius, 2001, 2002; Mizerek et al., 2011; Hovel & Fonseca, 2005). 613 

These findings have important implications for restoration and management. Traditional restoration 614 

efforts often emphasize recovery of total seagrass acreage, but the present results suggest that the spatial 615 

continuity and distribution of vegetated habitat should also be considered when evaluating nursery habitat 616 

function (Beck et al., 2001; Morris et al., 2022). Management strategies may therefore benefit from 617 

considering the spatial distribution of vegetated habitat in addition to total habitat area, thereby 618 

maintaining structurally complex nursery habitats that support blue crab refuge, foraging, and recruitment 619 

(Perkins-Visser et al., 1996; Hovel et al., 2005). Persistent southern hotspots identified in this study may 620 

represent areas where relatively stable vegetated habitat continues to support productive nursery function, 621 

consistent with observations that persistent seagrass patches within the IRL occur in discrete 622 



environmental settings rather than being uniformly distributed throughout the lagoon (Morris et al., 623 

2022). Conversely, persistent northern coldspots may represent priority areas for habitat restoration, 624 

water-quality improvement, and long-term ecological monitoring as seagrass recovery efforts continue 625 

throughout the estuary (Barile, 2018; Freeman et al., 2019). 626 

More broadly, this study demonstrates that estuarine degradation may manifest not only through habitat 627 

loss but also through reorganization of habitat patterns across the landscape. As eutrophication, climatic 628 

variability, and watershed development continue to alter coastal ecosystems worldwide, understanding 629 

how these stressors affect habitat continuity will become increasingly important for conserving estuarine-630 

dependent species. By integrating long-term habitat monitoring, fisheries-independent surveys, climate 631 

records, and spatial analyses, this study shows that habitat change can be accompanied by large-scale 632 

reorganization of nursery habitat patterns and associated populations across an entire estuarine ecosystem. 633 

Conclusion 634 

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

reorganization of blue crab populations across the estuarine landscape. Basin-wide seagrass decline after 636 

the 2011-2012 superbloom was associated with changes in the spatial distribution of blue crabs, including 637 

persistent northern coldspots, concentration of southern hotspots, and increased spatial heterogeneity 638 

throughout the lagoon. Habitat restructuring also showed temporal associations with climatic variability 639 

and rainfall. Despite widespread ecological change, abundance and carapace width remained strongly 640 

associated with vegetated habitats, with greater vegetation cover corresponding to higher abundance and 641 

larger individuals. 642 

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

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

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

restructuring may interact to reshape nursery habitat patterns at ecosystem scales. As coastal ecosystems 646 

continue to experience increasing anthropogenic and climatic pressures, conserving and restoring 647 

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

resilience. 649 
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