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Abstract 24 

The life histories of estuarine species are often adapted to the environmental variability they 25 

experience.  However, estuaries are increasingly vulnerable to natural and anthropogenic 26 

changes, necessitating an understanding of how shifting conditions affect the survival, behavior, 27 

and population structure of estuarine-dependent animals.  Here, we used data from fisheries 28 

independent survey data collected across six estuaries with variable salinity regimes in Texas, 29 

U.S.A. from 1975–2016, in order to investigate the role sources of freshwater inflow play in 30 

shaping juvenile bull shark (Carcharhinus leucas) size structure.  High frequencies of co-31 

occurrence with similarly sized conspecifics (59% of capture events) suggest bull sharks 32 

segregated within Texas estuaries based on body size.  Bull shark sizes increased with distance to 33 

nearest source of freshwater inflow, though effect sizes were small, and access to freshwater 34 

habitats may be more important in shaping size-dependent distribution patterns.  River mouths 35 

were disproportionately used by smaller juveniles (<90 cm total length (TL)), and avoided by 36 

larger juveniles (>135 cm TL).  However, use of river mouths decreased in estuaries 37 

characterized by limited freshwater inflow and greater variability in salinities at river mouths, 38 

highlighting geographic differences in the functions these habitats provide as potential 39 

environmental and predator refugia.  Young-of-the-year (i.e. age-0) sharks also increased their 40 

use of river mouths throughout the 40-year study period, revealing their growing importance as 41 

potential nursery habitats.  42 

 43 

 44 

 45 
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Introduction 47 

At the intersection of saltwater and freshwater ecosystems, estuaries provide unique 48 

niches for a diverse array of species (Constanza et al. 1993; Kupschus and Tremain 2001; 49 

Vasconcelos et al. 2015).  Many estuarine fauna thrive, in part, because their life history 50 

strategies are specifically adapted to the spatial and temporal variability in environmental 51 

conditions that typify these ecosystems (e.g., Franco et al. 2008; Elliot and Whitfield 2011).  52 

However, anthropogenic and natural perturbations across coastal ecosystems and river systems 53 

threaten these gradients at multiple scales, with implications for ecosystem productivity, 54 

ecological function, and resilience (Beck et al. 2001; Day et al. 2012; Ribeiro et al. 2016; 55 

Mahoney and Bishop 2017).  Furthermore, sea level rise, shifts in rainfall patterns, and changing 56 

salinities are predicted to interact with local human impacts to alter hydrologic regimes, as well 57 

as the ecological communities that estuaries support (Nicholls et al. 2008; Harvey et al. 2012; 58 

Williams et al. 2017).  As such, there is a growing need to improve our understanding of the 59 

factors responsible for regulating the functions that estuaries provide, and predict how species 60 

will respond to perturbations of estuarine systems (Simenstad et al. 2006; Mahoney and Bishop 61 

2017; Maxwell et al. 2017). 62 

Mobile predators—including fishes, reptiles, mammals, and birds—help structure 63 

estuaries by generating top down effects, transporting nutrients and biomass across habitats, and 64 

connecting disparate food webs (Heithaus et al. 2008; Rosenblatt et al. 2013).  Among these 65 

predators, many sharks rely on estuaries as nurseries (McCandless et al. 2007), including more 66 

than a dozen species in the southeastern United States and northern Gulf of Mexico (e.g., Castro 67 

1993; Bethea et al. 2015; Bangley and Rulifson 2017).  Geographically widespread and 68 

abundant, bull sharks (Carcharhinus leucas) inhabit estuaries globally, ranging from freshwater 69 
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rivers to coastal oceans, linking multiple habitats through their movements and trophic 70 

interactions (e.g., Boesman 1964; Heupel and Simpfendorfer 2008; Tillet et al. 2012; Drymon et 71 

al. 2014).  Nursery habitats function as refugia and provide important services for young bull 72 

sharks, including food for growth and development (Heithaus 2007).  In general, as juvenile bull 73 

sharks grow to ca. 1.5 meters in total length, their dependence on estuaries as nursery habitats 74 

decreases as their habitat preferences shift increasingly to more saline, coastal waters (e.g., 75 

Simpfendorfer et al. 2005; Froeschke et al. 2013; Matich and Heithaus 2015).   76 

Proposed drivers of habitat use among bull sharks include predation risk, competition, 77 

physiological tolerances, and energetic needs (e.g., Hueter and Tyminski 2007; Heupel and 78 

Simpfendorfer 2008; Werry et al. 2011; Clua et al. 2014).  Some of these drivers are relatively 79 

widespread, for example cooling winter water temperatures in many estuaries trigger seasonal 80 

emigrations among bull sharks in pursuit of more suitable conditions (Jones and Grace 2002; 81 

McCandless et al., 2007; Yeiser et al., 2008; Curtis et al., 2011; Bangley et al. 2018).  However, 82 

residency patterns, ontogenetic niche shifts, and spatial partitioning among age-classes usually 83 

vary geographically among nurseries.  For instance, juvenile bull sharks avoid freshwater 84 

habitats in some estuaries, because of apparent physiological and energetic stress induced by 85 

these habitats based on the osmoregulatory costs of using hypotonic environments (e.g., Parsons 86 

and Hoffmayer 2007; Steiner and Michel 2007; Heupel and Simpfendorfer 2008; Ortega et al. 87 

2009).  In contrast, juvenile bull sharks in other estuaries exhibit affinity for waters with 88 

salinities <5, presumably because of the refuge function they provide from marine predators 89 

(e.g., Norden 1966; Sosa-Nishizaki et al. 1998; Heuter and Tyminski 2007; Thorburn and 90 

Rowland 2008; Heithaus et al. 2009; Curtis et al. 2013; Drymon et al. 2014).  These conflicting 91 

conclusions make predicting specific estuarine habitat use patterns of bull sharks challenging, 92 
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resulting in a need for local- and regional-level research to understand bull shark population 93 

dynamics at these scales. 94 

The coastline of Texas is more than 5,000 km long, and its estuaries support shark 95 

communities dominated by juvenile bull sharks (Froeschke et al. 2010a, 2013; Plumlee et al. 96 

2018).  However, bull sharks are relatively under-studied in the western Gulf of Mexico beyond 97 

assessments of abundance and the effects of abiotic factors at larger regional scales (e.g. 98 

Froeschke et al. 2010a, b, 2013; Plumlee et al. 2018), making comparisons with more 99 

extensively studied juvenile populations in the eastern Gulf of Mexico difficult (e.g., Wiley and 100 

Simpfendorfer 2007; Steiner and Michel 2007; Heupel and Simpfendorfer 2008; Heithaus et al. 101 

2009). As with most estuaries, salinities in Texas estuaries typically increase as the distance from 102 

freshwater sources (i.e. rivers and tributaries) increases, approaching marine conditions at tidal 103 

inlets (Froeschke et al. 2010a). Considering size-specific affinities of bull sharks for certain 104 

salinities and microhabitats in other regions, size-mediated differences in distribution may also 105 

exist in Texas estuaries (e.g. Heithaus et al. 2009; Ortega et al. 2009; Curtis et al. 2011; Werry et 106 

al. 2011).  However, reverse and hypersaline conditions are common at lower-latitude estuaries 107 

in Texas (Mohan and Walther 2015), and frequent perturbations (e.g. severe thunderstorms, 108 

water management alterations) can lead to highly dynamic environmental conditions, including 109 

rapid shifts from marine to hyposaline waters (Orlando et al. 1993; Longley 1994).  Unless 110 

conditions approach or exceed physiological limits, euryhaline species with broad salinity 111 

tolerances, like bull sharks (Pillans et al. 2005), are unlikely to track short-term changes in 112 

salinity and make energetically demanding migrations within and across estuaries (Marshall 113 

2012; Kültz 2015).  Indeed, juvenile bull sharks occur across a wide range of salinities in Texas 114 

estuaries (0–40; Froeschke et al. 2010a), and are also found in rivers connected to these systems 115 
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(Table 1), suggesting habitat suitability is likely driven by more than salinity alone (Carlson 116 

2002).  Proximity to sources of freshwater inflow may be a more robust long-term indicator of 117 

salinity regimes that influence bull shark habitat use and size structuring (Longley 1994; Carlson 118 

2002), and provide insight beyond our current understanding of bull sharks in the region.  Here, 119 

we investigate the effects of proximity to freshwater inflow sites on juvenile bull shark presence, 120 

concentration, co-occurrence, and size structure across six different estuaries in Texas to better 121 

understand the role low salinity habitats (i.e. river mouths) play in shaping nurseries and 122 

ontogenetic habitat shifts. 123 

 124 

Methods 125 

Study sites 126 

 Among the eight estuaries that comprise the Texas coastline, bull sharks are abundant in 127 

the northernmost six (listed north to south): Sabine Lake, Galveston Bay, Matagorda Bay, San 128 

Antonio Bay, Aransas Bay, and Corpus Christi Bay (Fig. 1; Froeschke et al. 2010a).  Seven 129 

barrier islands physically separate Texas estuaries from the Gulf of Mexico, and freshwater input 130 

from rivers and precipitation lead to a spatial gradient of predominantly cooler, freshwater 131 

estuaries in northern latitudes (e.g., Sabine Lake), to warmer, hypersaline estuaries in southern 132 

latitudes (e.g., Laguna Madre) (Longley 1994; US EPA 1999; Froeschke et al. 2010a).  Spatial 133 

variability in precipitation across Texas leads to greater freshwater inflow from northeastern 134 

rivers into estuaries (e.g. Sabine and Neches River into Sabine Lake) compared to more 135 

southwestern rivers (e.g. Nueces River into Corpus Christi Bay; Longley 1994; US EPA 1999).  136 

At least some of these estuaries serve as nurseries for bull sharks (Froeschke et al. 2010b), 137 
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providing the opportunity to evaluate the importance of freshwater inflow sites (mouths of rivers 138 

and tributaries) in shaping the size structure of juvenile bull sharks across a wide spatial scale. 139 

 140 

Gill net surveys 141 

Data were obtained from ongoing gill net surveys conducted by the Texas Parks and 142 

Wildlife Department (TPWD) long-term fishery-independent monitoring program, which was 143 

established in 1975.  Sample sizes were variable before 1982 (mean number of gill nets deployed 144 

per annum = 43.0 ± 17.2 SD), at which point effort was standardized to forty-five gill net sets in 145 

each estuary over each 10-week Spring (April–June) and Fall (September–November) season – 146 

90 total gill nets deployed per estuary, annually.  Data were included from sampling conducted 147 

in Sabine Lake, Galveston Bay, Matagorda Bay, San Antonio Bay, Aransas Bay, and Corpus 148 

Christi Bay from 1975-2016 to quantify temporal shifts in juvenile bull shark presence, 149 

concentration, co-occurrence, and size structure across the entire study period.  Sampling sites 150 

were chosen randomly by TPWD without replacement for each estuary using a stratified cluster 151 

sampling design within a 3.4225 km2 (1 nm2) grid based on the presence of shoreline within the 152 

selected sites.  Sampling was conducted overnight (mean soak time ± SD = 13.7 ± 1.4 h) with 153 

monofilament gill nets (183 m long; 1.2 m deep with 45.7 m sections of 7.6 cm, 10.2 cm, 12.7 154 

cm and 15.2 cm stretched mesh tied together in ascending order) set perpendicular from the 155 

shoreline.  Orientation of the nets was standardized, with the 7.6 cm stretched mesh closest to 156 

shore.  Sampling was restricted to bays, inlets, river mouths, tidal passes, and connected lakes 157 

within each estuary.  All organisms caught were identified to the lowest possible taxonomic 158 

level, counted, and measured to stretched total length (TL).  Date, capture location, and salinity 159 
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(using handheld water quality meter) were recorded for each net set and haul; salinity was 160 

measured at deployment and retrieval of each set and were averaged for analyses. 161 

 162 

Data analysis 163 

The presence, concentration, total length, and co-occurrence of juvenile bull sharks 164 

(conspecifics caught together) were used for analysis.  Because gill net capture efficacy is size 165 

limited, and because bull shark life history leads subadults to leave estuaries (e.g., Heithaus et al. 166 

2009; Werry et al. 2011), only sharks <136 cm TL were retained for analysis, except for the 167 

detailed river mouth evaluation, for which all sampled sharks were used (see Importance of river 168 

mouths below; e.g. Branstetter and Stiles 1987, Natanson et al. 2014).  Sharks >135 cm TL 169 

comprised <3% of captured sharks during monitoring, thus removing them likely had minimal 170 

impact on our interpretation of results.  All analyses were conducted in IBM SPSS 22. 171 

 172 

Salinity trends 173 

 We used all gill net deployment and retrieval data (i.e. from nets with and without sharks; 174 

n = 20,525) to analyze the relationships of salinity and salinity variance with distance from 175 

source of freshwater inflow across each estuary. We quantified the distance from sampling 176 

locations to the nearest site of freshwater inflow based on hydrologic connectivity – straight-line 177 

distance from sampling locations to nearest river or tributary (i.e. ecotone habitats where rivers 178 

and tributaries meet estuaries) was calculated using Google Earth Pro. If land masses impeded a 179 

direct measurement from sampling location to freshwater inflow site, multiple measurements 180 

were summed based on the shortest in-water distance. While submarine groundwater discharge 181 

can provide sources of freshwater for estuaries, these were not considered based on the 182 
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relationship between bull shark ontogenetic niche shifts and rivers and tributaries (e.g. Heithaus 183 

et al. 2009; Werry et al. 2011).  We then used a general linear model (GLM) to test the effects of 184 

distance to nearest source of freshwater inflow and estuary (and their interaction) on salinity and 185 

long-term variance in salinity for sites in which at least six sampling events occurred, in order to 186 

reduce bias from outliers among sites that were sampled a limited number of times during the 40 187 

year study period.  Pearson’s chi-square test was used to determine the independence of data.  188 

Normal probability plots were used to test for normal distributions of the residuals, and plots of 189 

residuals versus predicted values were used to test for variance homogeneity of the model and 190 

factors. Tests and plots indicated that use of a GLM was appropriate.  Post hoc Tukey’s tests 191 

were used to determine significant differences among estuaries, and post hoc linear regression 192 

was used to assess trends in the distance to nearest source of freshwater inflow with salinity and 193 

variance in salinity for each estuary.  T-tests were used determine differences in linear trends 194 

across estuaries by testing pairwise differences in regression slopes, with Hochberg’s Step-Up 195 

Procedure used to correct for multiple comparisons (Hochberg and Tamhane 1987). 196 

 197 

Juvenile bull shark size structure 198 

We used another GLM to quantify the effects of distance to nearest source of freshwater 199 

inflow on trends in bull shark size across space (i.e., estuaries) and time (i.e., seasons (Spring and 200 

Fall) and decades).  Estuary, decade, and season were categorical variables used for analysis.  201 

Sampling periods were assessed broadly (i.e. decadally), because of the spatially randomized 202 

nature of gill net sampling within estuaries, and the lack of statistical power using shorter 203 

temporal periods (Plumlee et al. 2018).   204 
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All factors and two-way interactions were included in models.  Mean TL was used as the 205 

dependent variable to avoid pseudoreplication for capture events with more than one shark.  206 

Effect sizes were calculated to evaluate the utility of predictor variables.  Independence of data, 207 

normal distributions of residuals, and variance homogeneity of the model and factors were 208 

tested, and results indicated that the use of a GLM was appropriate.  Post hoc Tukey’s tests were 209 

used to determine significant differences in size structure among estuaries and decades, and post 210 

hoc linear regression was used to assess the trends in mean TL with distance to freshwater inflow 211 

for significant interactions. 212 

 213 

Conspecific co-occurrence 214 

A generalized linear model with a Gaussian distribution was used to evaluate the effects 215 

of distance to nearest source of freshwater inflow, and interactions with estuary, decade, and 216 

season, on the difference in size of co-occurring bull sharks – size difference data were cube root 217 

transformed to account for skewness.  Extrinsic factors (i.e. distance to nearest source of 218 

freshwater inflow, estuary, decade, and season) followed model parameters used for the General 219 

Linear Model evaluating bull shark size structure to ensure consistency and comparability when 220 

interpreting results across analyses.  Co-occurring sharks were classified as individuals caught 221 

during the same sampling event (Kohler and Turner 2001; Matich et al. 2017a), and the 222 

difference in total length (ΔTL) of each capture pair was calculated for each event when sharks 223 

co-occurred.  Post hoc Tukey’s tests were used to determine significant differences in size 224 

structure among estuaries and decades. 225 

Juvenile bull sharks in the Gulf of Mexico grow ca. 15 cm TL year-1 for the first 2–3 226 

years of life (Branstetter and Stiles 1987; Natanson et al. 2014), and may preferentially associate 227 
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with conspecifics of the same cohort as exhibited by other carcharhinids (e.g. Guttridge et al. 228 

2013; Keller et al. 2017; Finger et al. 2018).  As such, we also calculated the proportion of bull 229 

sharks co-occurring with individuals based on differences in total length using 15 cm ΔTL bins: 230 

0–15 cm, 16–30 cm, 31–45 cm, and >45 cm proximate in total lengths.  Chi-squared tests were 231 

used to quantify the effects of estuary, decade, and season on ΔTL bins. 232 

 233 

Importance of river mouths 234 

Because of the important role riverine habitats can play in bull shark nurseries (e.g., 235 

Heupel and Simpfendorfer 2008; Werry et al. 2011; Tillett et al. 2012), we specifically 236 

investigated the importance of river mouths (habitat <3 km from rivers) on bull shark capture 237 

rates. Chi-squared tests were used to quantify the likelihood of capturing juvenile bull sharks in 238 

river mouths compared to other habitats within estuaries sampled (all habitat >3 km from rivers 239 

were pooled) across space (estuaries) and time (decades and sampling seasons).  Analysis tested 240 

the assumption that bull shark CPUE at river mouths would be the same as CPUE in all other 241 

parts of estuaries.  If CPUE was higher at river mouths than all other parts of an estuary, then 242 

catch rates were higher than expected (i.e. river mouth CPUE : remainder of estuary CPUE > 1).  243 

If CPUE was lower at river mouths than all other parts of an estuary, then catch rates were lower 244 

than expected, with statistics from chi-squared tests indicating significance at α = 0.05.  Bull 245 

sharks were pooled into 15 cm TL size-classes based on growth rates (see Conspecific co-246 

occurrence above), with individuals pooled into wider size-classes for analysis of estuary and 247 

decadal different due to low sample sizes: <90 cm TL (young-of-the-year, YOY), 90–135 cm TL 248 

(smaller juveniles), and >135 cm TL (larger juveniles and sub-adults).  Extrinsic factors followed 249 

model parameters used for the General Linear Model and the Generalized Linear Model 250 
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(excluding distance to nearest source of freshwater inflow) to ensure consistency and 251 

comparability when interpreting results.  Post hoc Z-tests and linear regression were used to 252 

interpret differences among estuaries, decades, and sampling seasons. 253 

 254 

Results 255 

From 1975–2016, 7,635 bull sharks <136 cm TL were captured during 3,312 sampling 256 

events.  Five hundred and forty-nine sharks were caught in Sabine Lake (mean salinity = 9.01 ± 257 

6.63 SD), 995 in Galveston Bay (mean salinity = 17.57 ± 8.52 SD), 2,467 in Matagorda Bay 258 

(mean salinity = 20.95 ± 8.99 SD), 2,118 in San Antonio Bay (mean salinity = 17.08 ± 10.56 259 

SD), 1,062 in Aransas Bay (mean salinity = 19.56 ± 9.84 SD), and 444 in Corpus Christi Bay 260 

(mean salinity = 29.49 ± 7.22 SD).  Distance to nearest source of freshwater inflow was a 261 

significant predictor of salinity (F = 4047.23, p < 0.01, η = 0.38) and variance in salinity (F = 262 

205.45, p < 0.01, η = 0.37) during sampling, with significant differences across estuaries (F = 263 

218.49, p < 0.01, η = 0.20; F = 32.84, p < 0.01, η = 0.33 for salinity and variance in salinity, 264 

respectively).  The rate of change in salinity as distance to the source of freshwater inflow 265 

increased was greatest in San Antonio Bay and weakest in Galveston and Corpus Christi Bays 266 

(Fig. 2; Supplementary Table 1).  Variance in salinity significantly increased with distance to 267 

source of freshwater inflow in Sabine Lake, and significantly decreased in Matagorda, Aransas, 268 

and Corpus Christi Bays (Supplementary Table 1, Supplementary Figure). 269 

 270 

Juvenile bull shark size structure 271 

Decade (η = 0.130), estuary (η = 0.095), season (η = 0.032), distance to source of 272 

freshwater inflow (η = 0.167), and interactions between distance to source of freshwater inflow 273 
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with estuary (η = 0.114) were significant factors correlated with mean bull shark size 274 

(Supplementary Table 2).  Average capture sizes exhibited small, but significant differences 275 

across estuaries (F = 6.25, p < 0.01; Fig. 3) and decades (F = 14.80, p < 0.01; Fig. 4; 276 

Supplementary Table 2).  Sharks tended to be larger in Galveston, San Antonio, and Aransas 277 

Bays (Fig. 3).  Temporally, more than 40% of sharks caught in 1970s were YOY individuals 278 

(<90 cm TL), with fewer YOY sharks caught in 1980s (22%), 1990s (15%), 2000s (18%), and 279 

2010s (23%).  Mean total length increased directly with distance from source of freshwater 280 

inflow (ca. 0.20 cm TL km-1; F = 82.76, p < 0.01), but only exhibited significant relationships in 281 

Matagorda Bay (0.36 cm TL km-1; r2 = 0.04) and San Antonio Bay (0.37 cm TL km-1, r2 = 0.05) 282 

based on post hoc tests (Fig. 5). 283 

 284 

Conspecific co-occurrence 285 

Bull sharks <136 cm TL co-occurred with at least one conspecific in 1,618 sampling 286 

events (49% of capture events), with 5,988 sharks (78%) captured with at least one conspecific 287 

in the same net during the study period. The proportion of sharks co-occurring gradually 288 

decreased across sampling decades (Table 2), and was relatively consistent across estuaries with 289 

the exception of Corpus Christi Bay, where only 58% of sharks were caught with conspecifics 290 

(Table 2).  Mean size difference of co-occurring sharks was 10.48 cm TL (± 10.00 SD) for the 291 

entire study system, with small but significant differences across estuaries, decades, and seasons 292 

(Table 2, Supplementary Table 3).   293 

Chi-squared tests showed significant differences across estuaries, decades, and seasons in 294 

the likelihood of bull sharks co-occurring with conspecifics in different size-classes (Fig 6).  295 

Sabine Lake and Corpus Christi Bay exhibited higher than expected frequencies of co-occurring 296 
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conspecifics within 15 cm TL of one another (Z = 2.3, p = 0.02; Z = 3.8, p < 0.01; respectively), 297 

and Galveston Bay exhibited significantly lower frequencies of co-occurring conspecifics within 298 

15 cm TL of one another (Z = -3.2, p < 0.01).  Gill net sets in 1980s and 1990s yielded higher 299 

than expected co-occurrence of similarly-sized (ΔTL <15cm) conspecifics (Z = 9.6, p < 0.01; Z = 300 

6.2, p < 0.01; respectively), while 2000s and 2010s yielded significantly higher co-occurrence of 301 

dissimilarly-sized conspecifics (Z = -11.3, p < 0.01; Z = -5.8, p < 0.01; respectively). 302 

 303 

Importance of river mouths 304 

Based on the total frequency of net deployments (i.e. all gill nets not just those resulting 305 

in the capture of bull sharks) in river mouths during the Spring sampling season, bull sharks 306 

exhibited a negative trend in capture frequency at river mouths as shark size increased (r2 = 0.97, 307 

F = 145.33, p < 0.01; Fig. 7).  YOY sharks were caught in river mouths more frequently than 308 

expected in both Spring and Fall, sharks 90–120 cm TL were also caught in river mouths more 309 

frequently than expected in Spring, and sharks >135 cm TL were caught in river mouths less 310 

frequently than expected in Spring (Fig. 7).  YOY sharks varied spatially (χ2 = 55.43, p < 0.01) 311 

and by decade (χ2 = 67.19, p < 0.01) in their likelihood of being captured at river mouths, while 312 

sharks 90–135 cm TL varied spatially in their likelihood of being captured at river mouths (χ2 = 313 

70.56, p < 0.01; Fig. 7).  The frequencies of shark captures in river mouths compared to expected 314 

frequencies decreased as latitude decreased for both YOY sharks (r2 = 0.78, F1,4 = 13.81, p = 315 

0.02), and sharks 90–135 cm TL (r2 = 0.83, F1,4 = 19.53, p = 0.01).  Capture frequency in river 316 

mouths was significantly lower than expected in Aransas and Corpus Christi Bays, and higher 317 

than expected in Sabine Lake, Galveston Bay, and Matagorda Bay (Fig. 7).  Both YOY sharks (r2 318 

= 0.70, F1,4 = 6.87, p = 0.08) and sharks >135 cm TL (r2 = 0.74, F1,4 = 8.67, p = 0.06) exhibited 319 
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marginally significant increases in their likelihood of being captured at river mouths across 320 

decades (Fig. 7) 321 

 322 

Discussion 323 

Changes in hydrology and environmental conditions attributed to sea level rise, climate 324 

change, and human development will likely exert heterogeneous effects on animal populations, 325 

which may be amplified for species that display size-specific distribution patterns attributed to 326 

ontogenetic niche shifts (e.g., Barton 2010; Sinclair et al. 2016).  Species that undergo more 327 

pronounced niche shifts, including habitat shifts across ecosystem boundaries, may be comprised 328 

of individuals that experience vastly different conditions and disturbance regimes (e.g. 329 

Klockmann et al. 2017; Matich et al. 2019).  As such, elucidating distribution patterns and the 330 

factors that shape size-structuring within population is of value for predicting intraspecific 331 

variability in response to future perturbation. 332 

Based on more than 40 years of TPWD fisheries-independent monitoring data conducted 333 

across six estuaries in Texas, U.S.A., ca. 59% of bull sharks co-occurred with conspecifics 334 

within 15 cm TL of one another which is consistent with spatial partitioning based on bull shark 335 

size found in other estuarine nurseries (e.g., Heithaus et al. 2009; Ortega et al. 2009; Curtis et al. 336 

2011; Werry et al. 2011).  Only 19% of bull sharks captured during 20,525 TPWD surveys were 337 

with conspecifics that differed by > 15 cm in total length (likely one or more age-class apart), 338 

and only 22% of bull sharks were captured individually.  Co-occurrence with similarly sized 339 

conspecifics was more frequent in less saline ecosystems, suggesting environmental conditions 340 

may shape intraspecific interactions and/or similarly sized individuals could move in response to 341 

similar environmental cues (e.g. tide and freshwater inflow).  Distance to nearest source of 342 
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freshwater inflow (i.e. mouths of rivers and tributaries) served as a significant predictor of bull 343 

shark size in Matagorda Bay and San Antonio Bay, supporting our understanding of bull shark 344 

ontogenetic shifts from freshwater to marine habitats in the Gulf of Mexico (e.g., Carlson 2002; 345 

Ortega et al. 2009; Curtis et al. 2011).  Previous studies suggest the use of low salinity habitats 346 

may reduce predation risk and lower interspecific competition due to physiological limitations of 347 

other shark species, leading to high survival rates among juvenile bull sharks in these 348 

environments (Werner and Hall 1988; Compagno 2002; Heithaus 2007; Heupel and 349 

Simpfendorfer 2011).  High hepatosomatic indices (liver:body ratio) among smaller bull sharks 350 

may also help facilitate the use of these habitats by optimizing buoyancy (Gleiss et al. 2015; 351 

Iosilevskii and Papastamatiou 2016), and foraging opportunities may provide energetic benefits 352 

to using low salinity waters (e.g., Matich and Heithaus 2014). 353 

Despite statistical significance, the predictive power (r2 = 0.01) and effect size (η = 0.28) 354 

of the bull shark size structure general linear model were low, with considerable variability in 355 

trends between distance to source of freshwater inflow and shark total length across estuaries.  356 

Bull sharks of all sizes were captured throughout all sampled estuaries as previously reported by 357 

Froeschke et al. (2010a), which may be due to considerable variability in environmental 358 

conditions throughout large portions of study systems.  The capture of bull sharks with smaller or 359 

larger conspecifics was relatively infrequent (<20% of capture events), suggesting bull sharks of 360 

similar size use similar habitats and/or respond similarly to movement stimuli (e.g. tidal stage; 361 

Simpfendorfer et al. 2005; Grubbs 2010; Keller et al. 2017).  However, a suite of factors likely 362 

shape habitat use decisions among bull sharks in different size-classes when considered at broad 363 

spatial scales such as entire estuaries (reviewed in Guisan and Thuiller 2005).  Spatial 364 

heterogeneity in benthic habitat, depth, and proximity to human-altered shorelines (Armstrong 365 
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1987; Britton and Morton 1989) coupled with seasonal and acute shifts in temperatures, 366 

precipitation, and salinity (Orlando et al. 1993; US EPA 1999) may mask clearer ontogenetic 367 

habitat shifts apparent in other bull shark nurseries.  More nuanced approaches may be needed to 368 

understand ontogenetic habitat relationships for bull sharks in Texas, and models that incorporate 369 

factors specific to individual estuaries could account for variability in salinity regimes that may 370 

influence bull shark distributions within nurseries based on size (e.g., Gillmore and Herrema 371 

1981; Carlson 2002; Simpfendorfer et al. 2005).  Trends in the CPUE of juvenile bull sharks in 372 

river mouths, and geographic variability in freshwater inflow provide insight into this hypothesis. 373 

As expected, salinity sampled at gill net locations was significantly related to distance 374 

from sources of freshwater inflow (Orlando et al. 1993; Longley 1994).  As such, capture 375 

location may serve as an indicator of long-term salinity conditions within each estuary.  376 

However, the relationship between variability in salinity and sampling location exhibited 377 

significant spatial differences.  Southern estuaries (i.e., Aransas and Corpus Christi Bays) 378 

exhibited decreased variability in salinity as distance from sources of freshwater inflow 379 

increased, while Sabine Lake exhibited an opposite trend, with greater stability in salinity as 380 

distance to freshwater inflow sources decreased.  Results were not unexpected based on 381 

geographic differences in freshwater inflow – spatial variability in precipitation across Texas 382 

leads to a direct relationship between freshwater inflow into estuaries and latitude, providing 383 

more consistent, low salinity habitats at river mouths in Sabine Lake compared to Aransas and 384 

Corpus Christi Bays (Orlando et al. 1993; Longley 1994; US EPA 1999).  Consequently, reduced 385 

freshwater inflow, increased evaporation, and salt water intrusion from the Gulf of Mexico may 386 

serve as greater regulating agents of salinity in southern estuaries than freshwater inflow, 387 

creating more stable environmental conditions adjacent to tidal passes, and distinct ecosystems 388 



 

18 

 

that lead to geographic variability in the distributions of bull sharks across the Texas coast 389 

(Armstrong 1987; US EPA 1999; Plumlee et al. 2018).   390 

Within estuaries, both average and variability in environmental conditions can shape fish 391 

populations and communities (Flint 1985; Constanza et al. 1993; Kupschus and Tremain 2001; 392 

Elliot and Whitfield 2011).  For example, fish assemblages in coastal lagoons of Maryland were 393 

less diverse during periods of high variability in salinity attributed to transient species moving 394 

out of lagoons to account for increased physiological stress (Love et al. 2009).  Similarly, fish 395 

species richness and diversity was lower in variable-salinity areas of Biscayne Bay, Florida 396 

compared to stable salinity areas based on species osmoregulatory abilities (Serafy et al. 1997).  397 

Estuary-specific differences in the use of river mouths by juvenile bull sharks suggest that 398 

stability/variability in salinity may be an important driver of habitat use, and size-structuring 399 

within some Texas estuaries.  YOY captures in river mouths approached and fell below expected 400 

frequencies in lower latitude estuaries that receive limited freshwater inflow from rivers, and 401 

exhibit greater stability in salinity within habitats distant from river mouths.  If biotic factors, 402 

such as predictability in prey resources, play important roles in shaping bull shark populations 403 

(Wirsing et al. 2007; Gaitan-Espitia et al. 2017; Weideli et al. 2019), then bull sharks may seek 404 

out more environmentally stable habitats within Texas estuaries that support more predictable, 405 

consistent prey populations (Gelwick et al. 2001; Cortes and Waessle 2017; Byrne et al. 2019).  406 

Similar latitudinal trends in the use of river mouths were also observed among juvenile bull 407 

sharks 90–135 cm TL, suggesting the ecological functions these habitats provide may vary based 408 

on freshwater inflow and salinity variability (Gillmore and Herrema 1981; Carlson 2002; 409 

Simpfendorfer et al. 2005; Froeschke et al. 2010a).  Alternatively, bull sharks using more 410 
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dynamic estuaries may exhibit greater movement patterns in order to remain within preferred 411 

conditions (e.g. Heupel and Simpfendorfer 2008; Drymon et al. 2014). 412 

In contrast to YOY and smaller juveniles, larger juvenile bull sharks and sub-adults 413 

(sharks >135 cm TL) did not preferentially use river mouths, indicating a size-based shift in 414 

distribution patterns in some ecosystems, which was more prominent during Spring sampling.  415 

All sharks >90 cm TL were captured in river mouths at a frequency expected based on sampling 416 

effort during the Fall season.  Yet, there was an interaction between shark size and use of river 417 

mouths during the Spring, with a significant decrease in expected use of river mouths with shark 418 

size.  Smaller sharks (<121 cm TL) exhibited a preference for river mouths compared to other 419 

estuarine habitats, while larger sharks (>135 cm TL) avoided river mouths.  Due to a lack of 420 

sampling in summer months, it is unclear why such partitioning among size-classes occurred in 421 

river mouths in Spring but not Fall.  Increased freshwater inflow in early Spring may have 422 

increased the spatial scale over which salinity gradients formed in estuaries, consequently 423 

increasing the scale over which size-partitioning occurred, and improving our ability to detect 424 

such patterns (USGS; Werry et al. 2011).  Fewer, less energetically rewarding prey may be 425 

available in Spring due to reduced winter productivity, leading to more pronounced niche 426 

partitioning among smaller and larger conspecifics (Akin et al. 2003; Svanback and Bolnick 427 

2006; Taylor and Bennett 2008; Zimmerman et al. 2009; Simpson et al. 2019).  Temporal 428 

variability in freshwater inflow, salinities, and temperatures may have also led to seasonal 429 

differences in partitioning based on differences in physiological tolerances and preferences 430 

across bull shark size-classes (Parsons and Hoffmayer 2007; Ortega et al. 2009; Curtis et al. 431 

2011).  A transition from preferring low salinity waters to avoiding such habitats fits the current 432 

model for ontogenetic niche shifts among bull sharks (e.g., Simpfendorfer et al. 2005; Werry et 433 
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al. 2011; Matich and Heithaus 2015), however sharks did not follow this pattern in all estuaries, 434 

suggesting differences in intraspecific interactions may be driven by estuary-specific differences 435 

in freshwater inflow. 436 

Predation risk is proposed as an important factor shaping size-structuring within bull 437 

shark nurseries, in which the smallest, most vulnerable individuals seek out the safest habitats to 438 

improve survival rates (Castro 1993; Heithaus 2007; Grubbs 2010).  YOY bull sharks 439 

preferentially used consistent, low salinity habitats at river mouths in northern estuaries, yet the 440 

connection between rivers and bays in providing nursery habitat within Texas estuaries is still 441 

unclear, because gill net monitoring did not occur in river habitats.  Historical records suggest 442 

that bull sharks have been observed in Texas rivers (Table 1), but there have been no studies of 443 

bull shark use of riverine systems in Texas.  As estuaries become more saline due to climate 444 

change and sea level rise (Ribeiro et al. 2016; Mahoney and Bishop 2017), rivers may become 445 

increasingly important as low salinity refugia from predation and competition within estuarine 446 

ecosystems.  Decadal increases in the use of river mouths by YOY bull sharks support the 447 

hypothesis that more stable, low salinity habitats are becoming increasingly preferred.  However, 448 

the drivers of these patterns may be due to interspecific interactions with other shark species, 449 

rather than direct changes in environmental conditions.  Indeed, blacktip sharks (Carcharhinus 450 

limbatus) have recently increased in abundance in the Gulf of Mexico (Bubley and Carlson 451 

2012), potentially in response to regional changes in fisheries management (Peterson et al. 2017).  452 

As a result, co-occurrence of blacktip sharks and bull sharks in Texas estuaries has increased 453 

fourfold over the last 25 years (Matich et al. 2017a), potentially leading to increased interspecific 454 

competition and risk for YOY bull sharks (Brown and Wilson 1956; Pianka 1973; Papastamatiou 455 
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et al. 2006; Castro 2011; Matich et al. 2017b).  As such, access to low salinity habitats may 456 

enable YOY bull sharks to thrive in Texas estuaries. 457 

An important consideration for our work is the limited number of YOY bull sharks 458 

caught during the sampling period.  The population structure of juvenile bull sharks in Texas 459 

estuaries did not fit traditional ecological models, which generally predict the youngest animals 460 

to be the most abundant individuals within juvenile populations in the absence of immigration 461 

(reviewed in Easterling et al. 2000).  Bull shark size structure across all estuaries and decades, 462 

except for 1970s, was represented by a bell-shaped curve (Fig. 4), with moderately sized juvenile 463 

bull sharks representing the highest proportion of sharks during the study period (i.e., 50% of 464 

sharks <136 cm TL were 90–105 cm TL).  This deviation was driven by infrequent captures of 465 

YOY sharks within the study areas (ca. 20% of sharks <136 cm TL), which was considerably 466 

lower than most estuaries that support juvenile bull sharks (30–96% outside of Texas; Table 3).  467 

It is unlikely that the patterns observed were due to larger size at birth than other parts of the 468 

Gulf of Mexico, large scale immigration or emigration, or high rates of mortality of YOYs, 469 

although each is a possible explanation (Thorson 1971; Branstetter and Stiles 1987; Natanson et 470 

al. 2014; Meynecke et al. 2015).  The two most likely causes for the observed size distribution 471 

curve are gill net selectivity and inadequate sampling of habitats where YOY sharks aggregate.  472 

Indeed, multi-panel gill nets have well-described size selection biases, which can generate bell-473 

shaped size distributions in catch similar to those observed here (Carlson and Cortes 2003; 474 

McAuley et al. 2007; Baremore et al. 2012).  Alternatively, the undersampling of YOY sharks 475 

may reflect a lack of spatial overlap between YOY sharks and gill nets.  Gill net monitoring did 476 

not sample estuarine rivers, which typically serve as bull shark nurseries around the world, and 477 

are particularly important for YOY individuals because of the refuge they provide (e.g., 478 



 

22 

 

Boesman 1964; Hueter and Tyminski 2007; Tillet et al. 2012).  Lack of river sampling may limit 479 

the efficacy of monitoring juvenile bull sharks, which would explain the relatively low YOY 480 

encounter rates that should have been 50–360% higher based on other bull shark nurseries (Table 481 

3).  The importance of river mouths for YOY sharks in Sabine Lake and Galveston and 482 

Matagorda Bays supports our hypothesis that undersampling of rivers contributed to low YOY 483 

catch rates, and future monitoring should aim to incorporate estuarine rivers to provide more 484 

comprehensive sampling of the full range of bull shark size classes.  485 

 486 

Conclusions 487 

Nursery habitats are often unique in their capacity to promote growth and survival among 488 

juvenile individuals (Beck et al. 2001; Heithaus 2007).  In the northwestern Gulf of Mexico, our 489 

current understanding of bull shark nurseries stems from coast-wide assessments of abundance 490 

and distribution patterns, providing a foundation for future research in the region (Hueter and 491 

Tyminski 2007; Froeschke et al. 2010b; Plumlee et al. 2018).  Yet, the inherent heterogeneity of 492 

estuaries (Beck et al. 2001; Day et al. 2012) and differences in nursery functions across estuaries 493 

(McCandless et al. 2007) challenges coast-wide management plans. Estuary-specific or regional 494 

planners are often met with insufficient local data, funding, and other resources, and effective 495 

population management of migratory or wide-ranging estuarine species will require compromise 496 

and a science-based understanding of coast-wide, regional, and local patterns in ecology.  For 497 

instance, our results suggest that particular microhabitats (i.e., river mouths) may play a 498 

disproportionately important role in bull shark nurseries, with spatial and temporal variability in 499 

the use of these habitats driven by differences in freshwater inflow and ontogenetic niche shifts 500 

(e.g. Gillmore and Herrema 1981; Carlson 2002; Drymon et al. 2014; Matich and Heithaus 501 
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2014).  Predictable differences in the functionality of river mouths as YOY bull shark habitat 502 

across the Texas coast supports our understanding of estuarine heterogeneity across multiple 503 

spatial scales (Beck et al. 2001; Day et al. 2012), and suggests that changes to these habitats by 504 

natural and anthropogenic perturbations will not uniformly affect the ecological services they 505 

provide.  Advancing our understanding of how ecological characteristics may change in response 506 

to disturbances will improve our ability to appropriately manage estuaries and euryhaline 507 

species, like bull sharks, which may respond heterogeneously to extrinsic factors because of size-508 

specific differences in risk and competition (Werner and Hall 1988; Dahlgren and Eggleston 509 

2000; Beck et al. 2001; Heithaus 2007; Grubbs 2010). 510 
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Tables 

 

Table 1: Published records of bull sharks found in Texas rivers from the Portal to Texas History database 

(https://texashistory.unt.edu/) searched by authors August 2016–January 2017. 

 

 

Publication date Publication Volume & Edition Location Shark size 

17-Aug-1871 The Houston Telegraph Vol 37, No 17 Neches River; Beaumont 120 cm TL 

21-Sep-1892 The Galveston Daily News Vol 51, No 181 Brazos River; Freeport 11 kg 

14-Sep-1895 The Galveston Daily News Vol 54, No 174 Colorado River; Below Bay City 90 cm TL 

20-Jun-1902 The Orange Daily Tribune Vol 1, No 92 Sabine River 90 cm TL 

20-Mar-1903 The Bartlett Tribune* Vol 17, No 48 Red River; near Harris Ferry 270 cm TL 

5-Sep-1907ǂ The Houston Post Vol 23, Ed 1 Guadalupe River; McFaddin ranch 160 kg 

18-Apr-1908 Brownsville Daily Herald Vol 16, No 247 Rio Grande River; near Santa Maria 180 cm TL, 68 kg 

29-Jul-1908 Brownsville Daily Herald Vol 17, No 22 Rio Grande River; near Donna 300 cm TL 

1-Oct-1908 Brenham Daily Banner† Vol 43, No 46 Sabine River; near Orange 90 cm TL 

11-Aug-1916 The Dublin Progress Vol 29, No 16 Red River; near Sherman 40 cm TL, 1 kg 

31-Jul-1931 The Schulenburg Sticker Vol 37, No 38 Colorado River; south of Alleyton 75 cm TL, 4 kg 

11-May-1977 Věstník Vol 65, No 19 San Bernard River No information 

12-Jul-2001 Port Aransas South Jetty~ Vol 31, No 28 Colorado River; Bastrop No information 

     

*Also published in Denton County News Vol 11, No 46, Ed 1, and The Dublin Progress Vol 15, No 44  

ǂAlso published on 28-Sep-1907    

†Also published in The Houston Post Vol 24, Ed 1    

~Story recalled from memory    
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Table 2: Proportion of bull sharks co-occurring with conspecifics and mean size difference of co-

occurring sharks (in cm TL). Letters in right column indicate significant differences in mean size 

differences of co-occurring sharks based on post hoc Tukey test. 

 

 P(co-occurring sharks) Mean size difference (±SD) 

Sabine Lake 0.76 9.71 (8.60)a 

Galveston Bay 0.80 11.18 (9.95)bcd 

Matagorda Bay 0.84 10.65 (10.33)ef 

San Antonio Bay 0.76 10.57 (9.95)be 

Aransas Bay 0.72 9.06 (9.26)cf 

Corpus Christi Bay 0.58 10.20 (10.48)ad 
   

1970s 0.85 10.57 (11.40)a 

1980s 0.80 8.91 (8.06)b 

1990s 0.80 9.49 (8.94)b 

2000s 0.77 12.06 (11.24)c 

2010s 0.75 11.42 (10.59)c 

Spring 0.77 10.98 (10.53)a 

Fall 0.78 9.80 (9.07)b 
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Table 3: Estimates of the proportion of bull sharks <136 cm TL comprised of YOY individuals (<90 cm TL) in coastal estuaries.  

References include studies where length data was available for all individuals.  Studies only providing means and a measure of 

variability were not included. 

 
P (YOY) Estuary Sampling method Reference 

~12% Sabine Pass Inlet, TX, USA Entanglement net (12.7-24.5 cm stretch mesh) Shipley 2005 

~20% Texas Estuaries, USA Gill net (7.6-15.2 cm stretch mesh) Froeschke et al. 2010, 2013; This study 

~30% Nerang River, Queensland, Australia Longline (8/0 tuna hook) Werry et al. 2012 

~34% Indian River Lagoon, FL, USA Gill net (7.9-8.9 cm stretch mesh) Snelson et al. 1984 

~36% Shark River Estuary, FL, USA Longline (12/0-15/0 tuna circle hook) Heithaus et al. 2009 

~43% Indian River Lagoon, FL, USA Longline (12/0 tuna circle hook), rod and reel Curtis et al. 2013 

~45% Rockingham, Bowling Green, Edgecumbe, 

Repulse Bay, Queensland, Australia 

Longline (14/0 tuna circle hook), gill net (11 cm 

stretch mesh) 

Yates et al. 2015 

~51% Barataria Bay and Little Lake, LA, USA Gill net (5.1-10.2 cm stretch mesh) Reviewed by Blackburn et al. 2007 

~51% Ten Thousand Islands, FL, USA Gill net (7.6-15.2 stretch mesh), longline (5/0-

18/0 circle & j-hooks), rod and reel, seine (61 m) 

Hueter and Tyminski 2007 

~54% Charlotte Harbor, FL, USA Gill net (7.6-15.2 stretch mesh), longline (5/0-

18/0 circle & j-hooks), rod and reel, seine (61 m) 

Hueter and Tyminski 2007 

~56% Tampa Bay, FL, USA Gill net (7.6-15.2 stretch mesh), longline (5/0-

18/0 circle & j-hooks), rod and reel, seine (61 m) 

Hueter and Tyminski 2007 

~56% Western Australia, Northern Territory, 

Australia 

Gill net (5-20 cm stretch mesh), longline (5/0 

tuna circle hook) 

Thorburn and Rowland 2008 

~68% Ten Thousand Islands, FL, USA Gill net (6.5 cm stretch mesh), longline (#1 shark 

hooks) 

Steiner and Michel 2007 

~81% Lake Pontchartrain, LA, USA Bag seine (3-30 m), gill net (20.3 cm stretch 

mesh) 

Reviewed by Blackburn et al. 2007 

~87% Mobile Bay, AL, USA Gill net (7.6-14.0 stretch mesh) Bethea et al. 2015 

~88% Caloosahatchee River, FL, USA Longline (12/0-16/0 tuna circle hooks) Simpfendorfer et al. 2005 

~89% Vermillion Bay, LA, USA Trammel net (5 cm bar mesh) Caillouet et al. 1969 

~89% Vermillion Bay, LA, USA Gill net (7.6 cm stretch mesh) Reviewed by Blackburn et al. 2007 

~92% Pearl River System, LA, USA Trammel net Reviewed by Blackburn et al. 2007 

~96% Rewa, Sigatoka, Navua Rivers, Fiji Gill net (10.2 cm stretch mesh) Glaus et al. 2019 
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Figures 

 

Figure 1: Bull shark total length data from 1975 – 2016 from the Texas Parks and Wildlife 

Department long-term fishery-independent gill net monitoring program were interpolated into a 

heat map representing the mean total lengths of bull sharks sampled in each estuary. Circles at 

river and tributary mouths indicate the locations of freshwater inflow sites used for analyses. 

 

Figure 2: Best fit lines for estuary-specific relationships between salinity and distance to nearest 

source of freshwater inflow from all gill net deployment and retrieval data (i.e. from nets with 

and without sharks; n = 20,525). Superscript letters next to estuary labels  indicate significant 

differences in slope based on post hoc t-tests and Hochberg’s Step-Up Procedure to adjust for 

multiple comparisons at α = 0.05. 

 

Figure 3: Density plot of size distribution of juvenile bull sharks captured during study period in 

each estuary. Superscript letters next to estuary labels indicate significant differences in size-

structure based on post hoc Tukey’s test at α = 0.05. 

 

Figure 4: Mean bull shark total length across decades (as indicated by “x” within each box). 

Boxes with different letters are significantly different at p < 0.05 based on post hoc Tukey’s 

tests. 

 

Figure 5: Effect of distance to nearest source of freshwater inflow on mean shark total length. 

Trend lines are only displayed for significant relationships. 

 

Figure 6: The proportion of co-occurring sharks with differences in total lengths (ΔTL) of 0–15 

cm, 16–30 cm, 31–45 cm, and >45 cm varied across estuaries (left panel), decades (center panel), 

and season (right panel).  Arrows above bars indicate significant differences from expectations 

based on post hoc Z-scores.  Upward facing arrows indicate significantly higher than expected 

frequencies of co-occurring conspecifics within ΔTL bins, and downward facing arrows indicate 

significantly lower than expected frequencies of co-occurring conspecifics within ΔTL bins. 

 

Figure 7: Deviation of bull sharks captured at river mouths from expected capture rates (based on 

gill net deployments in river mouths) decreased with age-class (top panel), decreased as latitude 

decreased (center panel), and increased through time (left panel).  Dotted lines represent 

expected frequencies of captures at river mouths if the frequency of shark captures did not differ 

from the frequency of gill net deployments – values >1 indicate more shark captures than 

expected, and values <1 indicate fewer shark captures than expected. White data points were not 

significantly different than expected, and gray data points were significantly different than 

expected based on chi-squared tests. Age-classes are grouped for spatial and temporal 

assessment due to low individual sample sizes. 
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Supplementary Table 1: Test statistics and significance levels for general linear model testing the 

effects of distance to source of freshwater inflow and estuary on salinity and variance in salinity. 

 

Response Predictor DF SS MSS F-value p-value η 

Salinity Distance to inflow 1 274945 279495 4047.23 <0.01 0.379 

 Estuary 5 390751 78150 1150.38 <0.01 0.452 

 Distance*Estuary 5 74215 14842 218.49 <0.01 0.197 

 Residuals 17215 1169485     

        

Variance in salinity Distance to inflow 1 131029 131029 205.45 <0.01 0.368 

 Estuary 5 192903 38581 60.49 <0.01 0.447 

 Distance*Estuary 5 104727 20945 32.84 <0.01 0.329 

 Residuals 842 537002     
 

 

 

Supplementary Table 2: Test statistics, significance levels, and effect sizes for general linear 

model testing the effects of independent variables on mean bull shark capture length. 

 

 DF SS MSS F-value p-value η 

Model 23 40706 1770 10.67 <0.01 0.279 

Estuary 5 5184 1037 6.25 <0.01 0.095 

Decade 4 9820 2455 14.80 <0.01 0.130 

Season 2 779 390 2.35 0.10 0.032 

Distance to river mouth 1 16059 16059 96.79 <0.01 0.167 

Estuary*Distance to river mouth 5 7300 1460 8.80 <0.01 0.114 

Decade*Distance to river mouth 4 1191 298 1.79 0.13 0.045 

Season*Distance to river mouth 2 373 187 1.12 0.33 0.032 

Residuals 3158 523978     
 

 

Supplementary Table 3: Test statistics, significance levels, and effect sizes for generalized linear 

model testing the effects of independent variables on size differences of co-occurring bull sharks. 

 

 DF Wald’s χ2 p-value 

Estuary 5 34.93 <0.01 

Decade 4 136.75 <0.01 

Season 1 23.403 <0.01 

Distance to river mouth 289 1125.01 <0.01 

Bay*Distance to river mouth 113 240.80 <0.01 

Decade*Distance to river mouth 351 917.43 <0.01 

Season*Distance to river mouth 126 343.58 <0.01 
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Supplementary Figure: Effect of distance to nearest source of freshwater inflow on variance in 

salinity across each sampling site within bays. Superscript letters next to estuary label indicate 

significant differences in slope based on post hoc t-tests and Hochberg’s Step-Up Procedure to 

adjust for multiple comparisons at α = 0.05. 

 

 

 

 
 


