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Predicting habitat suitability for the co-occurrence of an estuarine mesopredator and two top predatory fishes
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Determining habitat associations and co-occurrence patterns among species can provide insight into their behavior and shared roles in ecosystem function. This study used a long-term gill-net survey to investigate habitat associations and co-occurrence patterns of three predatory fishes in a large estuarine complex in the northwestern Gulf of Mexico including two top predators alligator gar (Atractosteus spatula) and bull shark (Carcharhinus leucas) and a mesopredator Atlantic stingray (Hypanus sabina). Habitat suitability models were used to assess habitat conditions under which multiple conspecifics or species co-occurred. Environmental drivers of habitat suitability differed within and across species, but salinity and temperature were the most influential variables. Intraspecific co-occurrence of both alligator gars and bull sharks were primarily observed between conspecifics of similar size in low-salinity waters, but intraspecific co-occurrence was higher for alligator gars than for bull sharks. Although sample size was low, intraspecific co-occurrence of Atlantic stingrays was frequent in open-water regions of the estuary and consisted of both juveniles and adults. Interspecific co-occurrence between alligator gars and bull sharks was primarily observed in habitats commonly used by both species, particularly in low-salinity regions of the estuary. Even though there may be confounding effects of sampling gear, interspecific co-occurrence of Atlantic stingrays with either alligator gars or bull sharks was limited, suggesting there was limited overlap in estuarine habitats or environmental conditions used by Atlantic stingrays relative to the two other species investigated. These results clarify the influence of abiotic and biotic variables on the distribution and abundance of these species and suggest potential areas where interactions between them may shape their roles as predators.
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1 Introduction

Predators and their interactions with prey and other predator species play an important role in shaping the structure and function of estuarine ecosystems (1, 2). In turn, habitat loss, which is the most widespread and pressing threat to coastal and estuarine ecosystems, poses a threat to predator assemblages and the ecosystem services they offer (3). Recently, ecosystem-based fisheries management (EBFM) has been increasingly used to account for these losses and the interactive effects that can be ignored in species-specific management approaches, which is essential considering many marine and freshwater predators have declined across their range (3, 4). EBFM is a systematic approach of managing fisheries that considers the entirety of the natural resource system, including multispecies interactions, habitat requirements, anthropogenic impacts and environmental drivers that influence the broader community or ecosystem (5, 6). The identification of Essential Fish Habitats (EFHs), i.e., habitat necessary for breeding, foraging and growth of fishes, is a fundamental requirement for EBFM (7, 8). Identifying EFHs for multiple species in a given area offers a more comprehensive understanding of species interactions, thereby contributing to a more refined implementation of an ecosystem-based approach to management (9).

Estuaries are dynamic environments at the land–sea interface that are strongly affected by fluctuating environmental conditions across time and space (10). Estuaries encompass many distinctive habitat types, each supporting unique species assemblages (11, 12). Assemblage structure of fishes in an estuary is usually determined by the physiochemical tolerances and habitat associations of species, which can vary along salinity gradients within the estuary (13, 14). Salinity, as well as water temperature, dissolved oxygen, and other physical factors, can vary substantially on a seasonal basis in temperate and subtropical estuaries (15, 16), leading to spatiotemporal variability in assemblage structure. However, rapid changes may also occur on shorter time scales due to tidal cycles, shifts in freshwater inflow, and episodic climatic events (17). Habitat use by fishes in temperate and subtropical estuaries has been linked to fluctuating environmental conditions (18, 19). Consequently, delineating EFHs often requires long-term sampling strategies and modeling techniques that incorporate temporal and spatial variability of the physiochemical environment and species distributions.

Beyond understanding the physiochemical drivers of species abundance and distribution, biotic factors also play an important role in structuring estuarine fish assemblages. Competition exerts powerful selective forces in many contexts, with interactions among conspecifics (i.e., intraspecific competition) and/or other species (i.e., interspecific competition) shaping the abundance, distribution, and behavior of fishes (20). When resources are limited, niche segregation (e.g., food, space and time), may reduce competition within and across species promoting coexistence (20–22). Niche segregation is often measured in immediate returns such as alternative feeding strategies (23–25) and habitat use (26–28). However, such knowledge is often difficult to obtain considering long-term niche overlap across generations can lead to adaptations in these behaviors and reduce/eliminate competition, thereby compromising our ability to understand if differences in resource use are the product of evolution or temporary niche partitioning among co-occurring predators (29). Recently, an increase in the availability of co-occurrence data from long-term monitoring programs has renewed the interest of ecologists in the use of correlations and algorithms to infer species associations and the mechanism behind them (30–32). Inferring the potential for competitive interactions by delineating overlap in essential habitat of co-occurring predators can allow for some understanding of the biotic forces shaping ecosystem function in the absence of other data.

A common approach for modeling habitat uses in fishes has been based on the relationship between environmental variables and assemblage composition [random forest, RF (33)]. RF modeling methods used for predicting habitat suitability is highly accurate, and generates predictions based on machine learning techniques (34, 35). The model complexity of RF modeling can determine reliable and ecologically relevant species-specific habitat requirements, offering detailed management options for target species (36). RF modeling evaluates whether fishes are present near a habitat feature more frequently than anticipated based on the underlying distribution of the habitat feature in the environment. Because fish distributions are directly measured in their living environments, incorporating uncontrolled ecological factors, such as predation and competition, this approach delineates a species' realized niche, rather than the fundamental niche. Additionally, when habitat models operate at a spatial scale that is relevant to individuals within the environment, they can assess differences in habitat selection across age classes. While this approach has been applied to predict fish distribution based on abiotic variables (37, 38), less attention has been paid to environmental factors that lead to co-occurrence within and across species. Understanding when and where ecological interactions, such as predation and competition, are most likely to occur will elucidate the drivers and implications of co-occurrence and the potential for competitive interactions within and across species.

The present study aimed to construct habitat suitability models for the co-occurrence patterns of three estuarine predatory fishes using RF methods. Using data from a long-term sampling program in estuarine waters in a north Texas estuary, this study compares the habitat associations and co-occurrence patterns of three commonly occurring predators in the Galveston Bay Complex (GBC): alligator gar (Atractosteus spatula) and bull shark (Carcharhinus leucas) considered as top predators, and Atlantic stingray (Hypanus sabina) classified as mesopredator. The three species display different life history strategies and are generally assumed to primarily occur in different regions of the estuary along the salinity gradient, ranging from low [Atlantic stingray (39)] to high [alligator gar (40)] freshwater association, with bull sharks moving freely throughout estuaries and exhibiting size-specific affinities for certain salinities (41, 42). Ecosystems where predators co-occur across a gradient of environmental conditions provide an ideal study area to investigate the response of ecological communities to changing predator populations. Specific objectives of this study were to (1) determine what abiotic (i.e., environmental) and biotic (i.e., body size) factors correlate with conspecifics and species co-occurrence, and (2) delineate the extent of highly suitable habitat for conspecifics and species co-occurrence. Knowledge on the distribution patterns of co-occurring predatory fishes and the mechanisms driving these patterns are necessary for the successful conservation and management of predatory fishes and their surrounding environment. This information is important considering changes in abiotic and biotic factors attributed to climate change and human resource use in the region [e.g., (30)].



2 Materials and methods


2.1 Study area

This study was conducted in the GBC, Texas located in the northwestern Gulf of Mexico from 1986 to 2018 (Figure 1). The GBC has four major sub-bays that are characterized by unique physiochemical properties (Figure 1). The complex also contains many smaller interconnecting sub-bays, rivers and streams around its periphery. The dominant freshwater sources for the GBC are inflows from the Trinity and San Jacinto Rivers (Upper Galveston Bay), and Chocolate Bayou (West Bay) (43). Galveston Island and Bolivar Peninsula separate the Gulf of Mexico from the GBC and most of the saltwater enters the system through the Bolivar Roads (Lower Galveston Bay) and San Luis Pass (West Bay). The tidal current through the narrow outlets is strong despite a limited tidal range (mean of 0.3 m) which leads to strong tidal pumping (44). The GBC is characterized by flat and shallow bottom (average 2 m), but deep man-made ship channels in the Lower Galveston Bay can reach a depth of up to 15 m (45). The waters of the GBC are usually turbid from inorganic suspended solids (46).
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FIGURE 1
 Location of the study area in the Galveston Bay Complex (GBC), Texas. Labels represent the four major sub-bays within the GBC used as strata in co-occurrence habitat suitability modeling. Arrows represent dominant freshwater and saltwater sources for the GBC.




2.2 Field data collection

Fishery-independent data were obtained from the Texas Parks and Wildlife Department (TPWD) long-term fishery-independent monitoring program (47). Gill-net sampling occurred seasonally in the GBC, with 45 gill-nets deployed in 10-week spring (April–June) and fall (September–November) sampling periods. Monofilament gill-nets (total length of 182.9 and 1.2 m deep comprised of four continuous 45.7 m panels with stretched mesh of 7.6, 10.2, 12.7, and 15.2 cm) were set perpendicular to the shoreline starting within 1 h before sunset and ending within 4 h after sunrise (mean soak time = 13.45 ± 1.5 h). Catch and environmental data (see more details below) were collected during gill-net sampling. To supplement these data, environmental data collected during monthly bag seine and otter trawl surveys were also used for this study, which occurred year-round, with half the monthly samples collected during the first half of the month, and the remaining collected the last 2 weeks of the month. While bag seines and gill nets were restricted to the vicinity of the shoreline, otter trawls took place in the open water region.

All organisms >5 mm TL caught in gill-nets were counted and measured (total length—TL or disc width—DW) to the nearest mm. Once all procedures were complete, each fish was monitored for signs of weakness or injury, and released if deemed healthy. Date, location, temperature (°C), salinity (psu), dissolved oxygen (mg l−1), turbidity (NTU), shallow water depth (m) and deep-water depth (m) were recorded at each sampling location while nets soaked. Water depths were recorded at the shoreline end of the net and the offshore end of the net. Abiotic parameters (i.e., water temperature, salinity, dissolved oxygen) were collected ~0.15 m below the water surface for both gill-nets, bag seines and otter trawls. A water sample was also collected for each net sample at the same depths as the other abiotic parameter and transported to TPWD laboratory for turbidity analysis for all sampling methods. Catch data from seine and trawl samples were not used in this analysis because they are not well-suited to quantify the abundance of all three study species, but environmental data were used from bag seine and otter trawl sampling, allowing for interpolating predictions across the GBC.



2.3 Data analysis


2.3.1 Overall procedure

The total number of individuals of each species collected per gill-net set was calculated. For each gill-net set, sampling events in which at least two individuals were captured from the same species (i.e., intraspecific co-occurrence) were recorded as “1” while sampling events in which only one individual was captured were recorded as “0.” Similarly, interspecific co-occurrence events were recorded when at least two individuals from the three study species were captured in the same gill-net set. All data sets were sorted into decade (1980, 1990, 2000, and 2010's) and seasonal categories (Spring: April–June; Fall: September–November). A factor “sub-bay” was also created as a spatial variable, to represent the four major sub-bays within the GBC and were linked with all samples conducted within each sub-bay (Figure 1).



2.3.2 Random forest model

Random forest models were used to quantify the effect of abiotic factors on the likelihood of capturing at least two individuals of the same species during a sampling event (i.e., intraspecific co-occurrence). Predictor variables included temperature, salinity, dissolved oxygen, turbidity, shallow water depth, deep water depth, decade (categorical), season (categorical), and sub-bay (categorical). The variable fish size (i.e., TL and DW) was not used to create habitat suitability models, since interpolation was not possible using this variable, but additional statistical analysis (see statistical analysis procedure) was used to quantify the effects of size in predicting co-occurrence patterns. For each model, 500 unpruned classification trees were built, each using a random bootstrapped selection of data points with replacement. The default threshold value of 0.5 was used for all models (48). An identical analytical framework was used to quantify the effects of environmental factors leading to interspecific co-occurrence (i.e., when at least two individuals from different species were captured in the same sample).

Random forest is an ensemble collection of multiple decision trees that are constructed from bootstrap samples. The observations that are not part of the bootstrap sample are called out-of-bag (OOB, ~37% of the original data points each iteration). In random forest modeling, an accuracy test is estimated by OOB samples down through a tree as a form of cross-validation providing the prediction error. For the accuracy assessment, five methods were applied for each model: the overall average error rate, sensitivity (proportion of presences correctly classified), specificity (proportion of absences correctly classified), the true skill statistic (TSS), and the area under the receiver operating characteristic curve (AUC). TSS is calculated as follows: (sensitivity + specificity) – 1. TSS values range between 0 and 1 with values near 1 indicating nearly perfect model performance (49). Similarly, AUC values range from 0.5 to 1.0, with a value of 1.0 indicating perfect model (50). To determine the importance of each variable in predicting co-occurrence patterns, a variable importance metric is calculated using the Gini method. The Gini importance is directly derived from the Gini index on the resulting random forest trees (51). The Gini index measures the level of impurity/inequality of the samples assigned to a node based on a split at its parent. The purer a node is, the smaller the Gini value. Every time a split of a node is made using a certain feature attribute, the Gini value for the two descendant nodes is less than the parent node. A feature's Gini importance value in a single tree is then defined as the sum of the Gini index reduction (from parent to children) over all nodes in which the specific feature is used to split. The overall importance in the forest model is defined as the sum or the average of its importance value among all trees in the forest. To visualize the variable importance (see Figure 2), the Gini index was extracted for each predictor variable in each model. That value was then divided by the maximum value of that model, so that the most important variable was given a value of 1 and all the others were related to the most important variable.
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FIGURE 2
 Importance (standardized as a proportion of the maximum value) of each predictor variable for habitat suitability models for (A) intraspecific co-occurrence and (B) interspecific co-occurrence. Predictor variables are sorted by average importance across interactions.


Once all habitat suitability models were constructed (i.e., three intraspecific co-occurrence models and three interspecific co-occurrence models), abiotic data from seine and trawl sampling were used to predict the likelihood of co-occurrence within and across species. These new data points allowed for predictions of predator presence across the entire bay system since seine samples occurred along the shoreline, whereas trawl samples occurred in open waters throughout the bay. Interpolation of habitat use in open-water regions using models built with data exclusive to shoreline may introduce some uncertainty to these maps, such as differences in depth and access to structured habitats. However, these models apply to open regions considerably well since they are based primarily on abiotic quality variables and do not include structured habitats. To create habitat suitability maps for intra- and interspecific co-occurrence, predicted values were plotted in ArcGIS (ArcMap version 10.7.1) and projected to a standard coordinate system for spatial consistency (NAD 1983 UTM Zone 15N). Inverse distance weighted (IDW) interpolation was then used to create smoothed maps using a cell size of 100 x 100 m, a power of one, and a fixed search radius with a minimum of 15 points. The final habitat suitability maps (total of six maps) were then visualized using 10 bins of increasing probability of presence, each greater by 0.1.



2.3.3 Statistical analysis

Statistical analyses were performed using R [Version 4.0.2; (52)]. Normality and homoscedasticity of the data were tested using the Shapiro–Wilk and Levene's test, respectively. Data not normally distributed were compared using Kruskal–Wallis (H) test followed by a post-hoc Mann–Whitney U-test (Bonferroni corrected). For intraspecific co-occurrence analysis, significant differences in environmental variables and size among capture events (i.e., single individual capture events or >1 individual capture events) were compared using the Kruskal–Wallis (H) test. Chi-squared (X2) tests followed by post-hoc tests were used to test the null hypothesis that proportion of events with more than one individual captured did not differ significantly among decades, seasons and sub-bays. Results were used to determine the factors leading to intraspecific co-occurrence. A similar analytical framework was developed to identify the factors leading to interspecific co-occurrence.





3 Results

From 1986 to 2018, 2,882 gill-nets were deployed in the GBC during which 4,381 alligator gars, 1,455 bull sharks, and 137 Atlantic stingrays were captured. Alligator gars ranged from 14 to 179 cm TL (mean ± SD = 92.4 ± 5.9 cm), bull sharks from 58 to 172 cm TL (mean ± SD = 105.3 ± 7.3 cm), and Atlantic stingrays from 12 to 67 cm DW (mean ± SD = 25.5 ± 8.7 cm). The average values of each abiotic variable used in the modeling and mapping procedures are detailed in Table 1. All environmental variables showed significant mean differences by decades expect deep water depth (H = 2.4, p = 0.49). Temperatures were higher in West Bay (H = 117.9, p < 0.01), and there was a seasonal shift in temperature with higher temperatures in the spring (H = 1, 325.9, p < 0.01). Similarly, salinity was higher in the fall than the spring (H = 281.2, p < 0.01) and displayed a northeast to southwest gradient from Upper Galveston Bay (lowest) to West Bay (highest) (H = 5,722.7, p < 0.01). Dissolved oxygen was higher in Upper Galveston Bay and lower in West Bay (H = 136.8, p < 0.01) with slightly higher dissolved oxygen during the fall (H = 378.1, p < 0.01). Turbidity was higher in East Bay and Upper Galveston Bay (H = 387.5, p < 0.01) with higher turbidity during the spring (H = 409.4, p < 0.01). Water depths (shallow and deep depths) were deeper in Lower Galveston Bay followed by Upper Galveston Bay, East Bay, and West Bay for both seasons (H test, all p < 0.05).


TABLE 1 Average water temperature (±SD°C), average salinity (±SD psu), average dissolved oxygen content (±SD mg L−1), average turbidity (±SD NTU), average shallow depth (±SD m), and average deep depth (±SD m) across season within each stratum. Abiotic variables in each stratum and season are based on gill-net, seine, and trawl collections.
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3.1 Intraspecific co-occurrence

Intraspecific co-occurrence in gill-net sets was highest for alligator gar (58.4% of capture events) followed by bull shark (50.7% of capture events) and Atlantic stingray (12.6% of capture events). Due to the high degree of intraspecific co-occurrence of alligator gars, the sensitivity (0.75) was higher than the specificity (0.50) for the random forest model (Table 2). The most important variable influencing the probability of alligator gar co-occurrence was salinity, but temperature also showed a high importance score (Figure 2). Individual alligator gars were caught at higher salinities (mean ± SE = 15.2 ± 0.4 psu, H = 41.0, p < 0.01) and deeper shallow-water depths (0.3 ± 0.1 m, H = 33.2, p < 0.01) than alligator gar caught with at least one conspecific (12.0 ± 0.3 psu, 0.2 ± 0.1 m, respectively). Intraspecific co-occurrence was more frequent when alligator gars were smaller (89.7 ± 6.2 cm vs. 96.2 ± 11.1 cm, H = 26.0, p < 0.01). Intraspecific co-occurrence of alligator gars varied spatially and temporally. The proportion of capture events with more than one alligator gar significantly varied across decades, with the highest frequency of intraspecific co-occurrence in the 2010's ([image: image], Supplementary Table 1). Intraspecific co-occurrence of alligator gars for individual gill-net sets was significantly higher during the spring (60.6% ± 1.5) than the fall [image: image]. The frequency of alligator gar co-occurrence in capture events was lowest in Lower Galveston Bay (49.5% ± 1.3) and highest in East Bay ([image: image] 68.8, p < 0.01, Supplementary Table 1). The habitat suitability map for alligator gar intraspecific co-occurrence indicated generally low probability of co-occurrence throughout the GBC, with highest probabilities of co-occurrence in Upper Galveston Bay and East Bay shorelines (Figure 3A).


TABLE 2 Accuracy metrics from random forest models for intra- and interspecific co-occurrences. The average error rate of the model is based on out-of-bag (testing) data, sensitivity is the proportion of presences correctly classified, and specificity is the proportion of absences correctly classified. True skill statistic (TSS = sensitivity + specificity – 1) and area under the receiver operating characteristic curve (AUC = relationship between true positive rate and false positive rate) are measures of model predictive accuracy.
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FIGURE 3
 Intraspecific co-occurrence habitat suitability for: (A) alligator gar, (B) bull shark, and (C) Atlantic stingray, with warm colors depicting high probability of intraspecific co-occurrence and cold depicting low probability of intraspecific co-occurrence.


Similar to alligator gar, the intraspecific co-occurrence of bull sharks had higher sensitivity (0.63) than specificity (0.54). Bull shark intraspecific model had a lower AUC (0.62), a lower TSS (0.17), but a higher error rate (0.41) compared to the model predicting the intraspecific co-occurrence of alligator gars (error rate = 0.35, TSS = 0.25, AUC = 0.71, Table 2), meaning that co-occurrence absences were predicted less accurately for the bull shark model. Temperature and salinity were the two most important variables predicting bull shark co-occurrence (Figure 2). Solitary bull sharks were caught in significantly different environmental conditions than capture events that resulted in more than one individual. Individual bull sharks were caught at cooler temperatures (mean ± SE = 27.5 ± 0.2°C, H = 12.7, p < 0.01) and higher salinities (17.4 ± 0.5 psu, H = 23.7, p < 0.01) than bull sharks caught with at least one conspecific (28.4 ± 0.1°C and 14.2 ± 0.5 psu, respectively). There was no significant interaction between the likelihood of capturing more than one bull shark and bull shark size (H = 0.3, p = 0.6). Intraspecific co-occurrence increased across decades, with the highest frequency of intraspecific co-occurrence in the 2010's (55.8% ± 1.6 of capture events, [image: image] 0.01, Supplementary Table 1) and was slightly higher in the spring (51.0 % ± 0.7) in comparison to the fall [image: image]. The proportion of capture events with more than one bull shark was lowest in West Bay (33.0% ± 0.6) and Lower Galveston Bay (33.0% ± 0.7), and highest in East Bay and Upper Galveston Bay ([image: image], Supplementary Table 1). Overall, the probability of bull shark intraspecific co-occurrence was less pronounced than that of alligator gar throughout the GBC. However, the probability of bull shark intraspecific co-occurrence was highest along the shoreline closest to the mouth of the Trinity River in Upper Galveston Bay (Figure 3B).

Atlantic stingray had the lowest rate of intraspecific co-occurrence in the gill-nets resulting in higher specificity (0.98) than sensitivity (0.05) for the random forest model (Table 2). The model predicting the intraspecific co-occurrence of Atlantic stingrays also showed low accuracy for the average error rate (0.14), the TSS (0.04), and the AUC (0.58) (Table 2). The most important variable predicting the co-occurrence of Atlantic stingrays was salinity (Figure 2). Individual Atlantic stingrays were caught in significantly lower salinities (mean ± SE = 19.7 ± 0.8 psu) than Atlantic stingrays caught with at least one conspecific (24.4 ± 2.2 psu, H = 4.0, p < 0.05). The size of Atlantic stingray did not affect intraspecific co-occurrence (H = 1.8, p = 0.18). There was a significant decadal difference on the co-occurrence of Atlantic stingrays with higher proportions observed in the 1990's compared to the 1980's and 2000's ([image: image], Supplementary Table 1). The proportion of capture events with more than one individual was significantly higher during the spring (12.9% ± 1.4) than the fall [image: image]. Intraspecific co-occurrence was highest in West Bay [image: image], Supplementary Table 1). Atlantic stingray probability of intraspecific co-occurrence was relatively high in open-water regions through the GBC, but it was reduced in East Bay and along the shoreline (Figure 3C).



3.2 Interspecific co-occurrence

When at least one alligator gar or at least one bull shark was captured, the proportion of interspecific co-occurrence of these two species across all gill-nets sets was 19.0%. In contrast, Atlantic stingray experienced lower instances of interspecific co-occurrence with alligator gar (3.8%) and bull shark (4.1%). The observed co-occurrence between alligator gars and bull sharks resulted in higher specificity (0.95) than sensitivity (0.29) for the random forest model (Table 2). The most important variable predicting the co-occurrence of alligator gars and bull sharks was temperature and had a higher importance score compared to the next highest variable, salinity (Figure 2). Alligator gars and bull sharks were caught together in warmer water temperatures (mean ± SE = 27.7 ± 0.2°C, H = 58.94, p < 0.01), lower salinities (12.7 ± 0.5 psu, H = 15.8, p < 0.01) and higher turbidities (25.2 ± 1.5 mg L−1, H = 6.6, p < 0.05) compared to homospecific events (i.e., when only one species was caught; 25.5 ± 0.1°C, 14.9 ± 0.3 psu, 21.4 ± 1.1 mg L−1, respectively). Among captured bull sharks, mean TL was higher during homospecific capture events (107.1 ± 11.1 cm) and smaller during heterospecific capture events (103.3 ± 9.1 cm, H = 2.8, p < 0.05). Co-occurrence of alligator gars and bull sharks varied spatially and temporally. Interspecific co-occurrence of alligator gars and bull sharks significantly increased across decades, with the highest frequency of interspecific co-occurrence in the 2010's (27.2% ± 1.3 of capture events,[image: image], Supplementary Table 1). Interspecific co-occurrence was also higher in the spring (27.0% ± 1.0 of capture events) than the fall (17.8% ± 0.7,[image: image], p < 0.01). Interspecific co-occurrence was higher in East Bay (18.1% ± 1.4) and Upper Galveston Bay (14.4% ± 1.6), and lower in West Bay (7.0% ± 0.8) and Lower Galveston Bay ([image: image], Supplementary Table 1) and this observation was supported by the habitat suitability map (Figure 4A). Upper Galveston Bay and East Bay represent together 66.8 and 59.3% of capture events for alligator gar and bull shark, potentially explaining higher encounter rates for these two species in these regions.
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FIGURE 4
 Interspecific co-occurrence habitat suitability for: (A) alligator gar and bull shark, (B) alligator gar and Atlantic stingray, and (C) bull shark and Atlantic stingray, with warm colors depicting high probability of interspecific co-occurrence and cold depicting low probability of interspecific co-occurrence.


The frequency of events during which both alligator gars and Atlantic stingrays were captured was low, resulting in higher specificity (0.86) than sensitivity (0.17) for the random forest model. The alligator gar and Atlantic stingray interspecific model had also a lower AUC (0.54), a lower TSS (0.03), and a lower error rate (0.04) compared to the model predicting the interspecific co-occurrence of alligator gars and bull sharks (error rate = 0.17, TSS = 0.24, AUC = 0.76, Table 2), suggesting this model was less robust. The low predictive accuracy may also be related to the lack of data because the captures of both alligator gars and Atlantic stingrays on any one occasion was rare. Temperature was the most important variable influencing the co-occurrence of alligator gars and Atlantic stingrays, but it was not dominant. Salinity, dissolved oxygen and turbidity had similar importance scores (Figure 2). Alligator gars and Atlantic stingrays were caught together at increased water temperatures (26.9 ± 0.4°C) compared to homospecific events (25.6 ± 0.1°C, H = 4.2, p < 0.05). Alligator gar and Atlantic stingray sizes did not vary between homospecific and heterospecific capture events (H = 0.2, p = 0.7 and H = 0.8, p = 0.4, respectively). Interspecific co-occurrence exhibited significant changes across decades with highest frequencies in the 1990's (1.8% ± 0.4) and 2010's [image: image], Supplementary Table 1) and was higher in the spring (2.8% ± 0.6) than the fall [image: image]. Interspecific co-occurrence of alligator gars and Atlantic stingrays showed significant differences across sub-bays [image: image], and was highest in West Bay (2.5% ± 0.1) and lowest in Lower Galveston Bay (0.4% ± 0.2, Supplementary Table 1). The habitat suitability map for alligator gar and Atlantic stingray co-occurrence showed extremely low probability of interspecific co-occurrence in all sub-bays (Figure 4B).

Capture events with at least one bull shark and one Atlantic stingray were low resulting in higher specificity (0.88) than sensitivity (0.12) for the model. The average error rate, the TSS and the AUC were respectively equal to 0.06, 0.04, and 0.55 for the Atlantic stingray and bull shark co-occurrence model. The most important variable predicting the co-occurrence of these two species was salinity followed by turbidity (Figure 2). Bull shark and Atlantic stingray were caught together at higher salinities (17.2 ± 1.7 psu, H = 4.2, p < 0.05) and lower turbidities (23.7 ± 4.8 NTU, H = 3.9, p < 0.05) compared to homospecific events (14.9 ± 0.3 psu, 29.6 ± 0.8 NTU, respectively). Interspecific co-occurrence was more frequent when bull sharks were larger (112.7 ± 9.5 cm vs. 105.1 ± 7.4 cm, H = 6.7, p < 0.05). Interspecific co-occurrence of bull sharks and Atlantic stingrays did not vary across decades ([image: image], Supplementary Table 1), but it was higher in the spring (2.8% ± 0.3 of capture events) than the fall [image: image]. The proportion of capture events with at least one bull shark and one Atlantic stingray significantly differed among sub-bays and was highest in West Bay (1.6% ± 0.9) and lower in Lower Galveston bay ([image: image], Supplementary Table 1). The probability of co-occurrence of these two species was extremely low throughout the GBC, but slightly higher in the East Bay (Figure 4C).




4 Discussion

Predators play important roles within food webs, however their co-occurrence with other predators can lead to shifts in behavior and trophic dynamics, thereby reshaping these roles and the response of prey species (1, 2). In this study, we used long-term gill-net data to better understand the co-occurrence patterns of two top predators (i.e., alligator gar and bull shark) and one mesopredator (i.e., Atlantic stingray) in a Texas estuary. By using habitat suitability models, we were able to examine the conditions under which alligator gar, bull shark and Atlantic stingray co-occur and potentially interact. The influence of environmental variables on the co-occurrence within and across species differed, but temperature and salinity were generally the most important drivers of these interactions. The regions in which intraspecific co-occurrence was observed most frequently aligned with the most suitable habitat. Intraspecific co-occurrence of alligator gars and bull sharks was largely restricted to regions characterized by low salinity waters, while Atlantic stingray intraspecific occurrence was higher in open-water regions throughout the GBC. Similarly, interspecific co-occurrence was largely attributed to habitat associations shared by co-occurring species. Alligator gar and bull shark co-occurrence was restricted to less saline regions, likely due to alligator gar osmoregulatory restrictions. Comparatively, interspecific co-occurrence for the Atlantic stingray was infrequent, which may be an artifact of sampling efficacy, or suggests movement away from habitat used by alligator gars and bull sharks, the latter of which feed on stingrays (53). The result of this study contributes toward our understanding of what drives concurrent distribution patterns of these predators, supporting ecosystem-based management strategies.


4.1 Intraspecific co-occurrence

The presence of multiple conspecifics can lead to variations in predator behavior and ultimately alter their ecological roles (54). Determining regions, or environmental conditions that support multiple conspecifics can have implications for understanding ecosystem function and, managing systems to help maintain this function in light of human uses (e.g., fisheries, development). Habitat suitability maps of intraspecific co-occurrence in the GBC revealed major differences in the abundance and distribution of conspecifics for the three study species. Alligator gar intraspecific co-occurrence was present throughout the system, but highly suitable habitat appeared to be restricted to Upper Galveston Bay and East Bay, which receive more freshwater inflow than the other regions of the GBC. Bull shark intraspecific co-occurrence was also largely restricted to Upper Galveston Bay and East Bay, but intraspecific co-occurrence was more notable for alligator gars than for bull sharks. Overall, habitat suitability for the intraspecific co-occurrence of alligator gars and bull sharks expectantly coincided with suitable habitats previously described for these species (37). Interestingly, Atlantic stingray showed high habitat suitability in open-water regions throughout the GBC, and lower probabilities of intraspecific co-occurrence in East Bay. Although the result of accuracy metrics from the model predicting the intraspecific co-occurrence of Atlantic stingrays showed relatively good prediction accuracy, the low number of samples limits strong conclusions.

In estuaries like the GBC, salinity is often an important factor determining habitat suitability as it can vary dramatically with tidal state and inflow from rivers (55, 56). The variability in salinity in the GBC is attributed to the freshwater inflow from the Trinity and San Jacinto Rivers, leading to lower average salinities in Upper Galveston Bay and East Bay compared to the rest of the ecosystem (see Table 1). The most important variable predicting alligator gar co-occurrence was salinity, and co-occurrence was more frequent during the spring, when salinities were significantly lower. During spring flooding, large spawning aggregations of adult gars have been observed in shallow (<1 m water depth) areas with groups containing one large female accompanied by multiple smaller males (57–60). Wintering aggregations have also been reported for adult alligator gars in an apparent response to seasonal changes in temperature and hydrology (61). However, in our study, when intraspecific co-occurrence was reported the average size of alligator gars were 89.7 ± 6.2 cm, which is well below recorded length at maturity for both males and females (62). Juvenile alligator gars generally move less, use more off-channel habitats, and are less tolerant to higher salinities than adults (63–65). Therefore, expansive low salinity waters during the spring may allow for an increase in suitable habitats throughout the ecosystem for alligator gar. Adult alligator gars may be able to expand their habitat use throughout the entire ecosystem due to their lower surface area:volume reducing osmoregulatory costs of inhabiting higher salinity waters (e.g., Central and West Bays). Comparatively, juvenile alligator gars may remain in low salinity regions within the GBC, potentially explaining higher conspecific encounter rates for juveniles in these areas.

Ontogenetic shifts in movements and habitat use are common in estuarine fishes, therefore size-specific differences in alligator gar was not unexpected (66, 67). Bull sharks are one of few euryhaline shark species that inhabit estuaries and freshwater rivers throughout their range (68). Individuals found in low salinity habitats are typically juveniles, which use shallow estuarine areas as nursery grounds because they provide refuge from predators (42, 69). The average total length of bull sharks collected by gill-nets was 105.3 ± 7.3 cm suggesting that the majority of sharks caught during the study were juveniles based on total length (70, 71). Habitat suitability was highest in Upper Galveston Bay and East Bay, suggesting that intraspecific co-occurrence for bull sharks primarily occurs in low-salinity waters in the GBC where they may avoid predators (72, 73). However, the most important variable influencing bull shark co-occurrence was temperature. Temperature has previously been identified as the most important physical driver of bull shark abundance and distribution along the northwest Gulf of Mexico, with bull sharks presence positively correlated with temperatures above 25°C (74). Another study in the region also determined that bull shark co-occurrence was influenced by temperature, with bull sharks caught together at warmer temperatures (30). Recent work in the northern Gulf of Mexico indicates that warming waters attributed to climate change has increased habitat suitability of juvenile bull sharks (75) thus our findings are not unexpected, particularly the observed increase in intraspecific interactions from the 1980 to 2010's considering Gulf of Mexico waters continue to warm in response to climate change. In the GBC, colder conditions occur more frequently during episodic freshwater inflow events at the base of the Trinity River (Upper Galveston Bay) in the fall, which may force juvenile bull sharks to find refuge in warmer West Bay waters, which was likely responsible for seasonal differences in intraspecific co-occurrence.

Atlantic stingrays experienced higher habitat suitability throughout the GBC in comparison to alligator gars and bull sharks, suggesting that the entire complex may provide suitable habitat for this species. However, we are currently limited in our conclusions by the small number of individuals collected in the gill-nets. Habitat selection by batoids is primarily determined by substrata type and water temperature, with unconsolidated sediment substrata (i.e., mud and sand) and warm temperature favoring the presence of individuals (76). Substrata types are not recorded during gill-net sampling, but the GBC is mainly characterized by mud and sand, with the exception of Lower Galveston Bay, East Bay and West Bay that contain both oyster reefs and seagrass meadows (77, 78). This difference in substrata type may be responsible for the higher degree of intraspecific co-occurrence in West Bay, as habitat selection for stingrays is positively related to vegetated-sand habitat in other systems (76, 79, 80). However, this remains to be tested as Atlantic stingrays are also frequently caught outside of West Bay using other gear types. Temperature was the third most important variable in predicting Atlantic stingray co-occurrence after salinity and turbidity. Atlantic stingrays are found to migrate away from cold shallow waters and utilize warmer deeper waters during winter (81, 82). The lower score of temperature in addition to the absence of significant differences in water temperature between events could potentially be explained by the inability of gill-nets to collect this species in deeper or more topographically complex areas during the fall. It is therefore possible that Atlantic stingrays are present throughout the year in all regions but not collected using certain gear types, as suggested by Ramsden et al. (82). Size did not affect Atlantic stingray co-occurrence and the average disc width of individuals collected in this data set was 25.8 ± 8.9 cm potentially because co-occurrence for this species comprised both juveniles and adults based on disc width length (39). Juvenile dasyatids are known to use shallow sand flats to forage for prey and to avoid predators (83–85). With the increase of body size, predation risk is lowered and larger individuals can then exploit deeper waters for safety (86). However, when conditions are physiologically, and behaviorally advantageous conspecifics may periodically aggregate in specific areas. Similar aggregations have been observed in sympatric batoid communities with individuals feeding and resting in groups both with conspecifics and with the other species (80, 87). It is still unclear what shapes intraspecific co-occurrence of Atlantic stingrays in the GBC, but environmental conditions certainly play a significant role, which is important considering the expected changes in temperature and salinity attributed to natural disturbances and persistent human impacts in the system.



4.2 Interspecific co-occurrence

In addition to interacting with their conspecifics, estuarine predators also interact with other species. Understanding species interactions and how they are shaped by co-occurrence patterns provides insight into their individual and shared roles in ecosystem function (88, 89). In the GBC, the three study predators are not homogenously distributed throughout the estuary, and potential interactions between these species exhibited spatiotemporal variability. Co-occurrence of gars and bull sharks were primarily restricted to low salinity waters, typically in Upper Galveston Bay and East Bay. Suitable habitat for the interspecific co-occurrence of Atlantic stingrays with either alligator gars or bull sharks was low throughout the GBC, with the exception of discrete patches in East Bay. The spatial separation of these predators across much of the estuary suggests that competition for and compensatory predation on shared prey (i.e., Atlantic croaker [Micropogonias undulatus], gulf menhaden [Brevoortia patronus], brown shrimp [Farfantepenaeus aztecus], and white shrimp [Lito penaeus setiferus]) is heterogenous across the ecosystem. However, our data demonstrated that East Bay was relatively important to the three studied species and may offer an important area of EFH. In areas where co-occurrence between species was higher (i.e., Upper Galveston Bay and East Bay), the studied predators may play a larger role in shaping ecosystem function compared to areas where interactions were less abundant, such as West Bay where other predators may play a more important role (e.g., blacktip shark [Carcharhinus limbatus], gafftopsail catfish [Bagre marinus]).

Among the environmental factors considered, salinity and temperature played an especially important role in determining interspecific co-occurrence. Bull shark abundance has been found to be associated with low salinity waters, with freshwater disproportionately used by smaller juveniles and avoided by larger juveniles (64, 90). Interestingly, bull sharks were significantly larger when captured with at least one Atlantic stingray suggesting that the use of more saline waters by larger juvenile bull sharks increased the likelihood of encountering Atlantic stingrays, which could lead to predatory events. In Texas, bull shark prey upon stingrays (53, 91, 92). Thus, Atlantic stingray distributions could be driven by anti-predatory behavior, and our results support this hypothesis. Atlantic stingrays reduced the use of low-salinity areas, where larger predators were more abundant, in favor of shallow flats (i.e., West Bay) where the risk of encounter is lower. By using habitats where predator abundances are low, batoids can reduce their predation risk (93, 94). Bull sharks exhibited significantly lower average total length when captured with at least one alligator gar, potentially due to the preference exhibited by smaller bull sharks for low-salinity habitats [i.e., more suitable for alligator gars (90)]. In the GBC interspecific co-occurrence between alligator gars and bull sharks has increased over the last 30 years with significantly higher co-occurrence in the 2010's, which may be related to habitat quality and environmental conditions. Heavy rainfall events have become more frequent since the middle of the last century resulting in prolonged periods of low salinities water in estuaries (17). Extreme precipitation in Texas waters may have increased the availability of favorable habitats for alligator gars and bull sharks, potentially explaining increased co-occurrence between these species in recent decades. Human population growth in coastal Texas has led to stressors on natural variation in freshwater inflow due to increased demand for freshwater resources (95). Reduced freshwater inflow could predictably increase the use of riverine habitats by juvenile bull sharks in search of low-salinity waters (30, 73). Therefore, human induced change in hydrology may also explain the increased co-occurrence of alligator gars and juvenile bull sharks in low–moderate salinity habitats. Additionally, because temperature was the most important predictor variable, increased temperatures related to climate shift may also lead to an increase in spatial overlap between these two species (96).

Coexisting predators can exhibit depth-related habitat partitioning, which is often related to differences in trophic ecology between the species (97). Atlantic stingrays feed upon small benthic crustaceans, polychaetes and invertebrates associated with seagrass beds (39, 98). Diet of Atlantic stingray differ with those of alligator gars and bull sharks, which both prey at higher trophic positions (99), potentially explaining limited co-occurrence between Atlantic stingray and the two other predators. Interestingly, alligator gars and bull sharks exhibit significant dietary overlap in the northwestern Gulf of Mexico (100). Potential shared prey of alligator gars and bull sharks (i.e., Atlantic croaker, gulf menhaden) showed dramatic differences in their probability of presence between seasons in the GBC (37). Seasonality in prey populations could therefore affect interactions between predators, particularly in the spring when Atlantic croaker and gulf menhaden are abundant, resulting in significantly higher interspecific co-occurrence between these two apex predators. In Texas estuaries, while both alligator gars and bull sharks predominantly fed on mugilids, they are able to adjust their diets to local fitness trade-offs based on prey availability, potentially facilitating their coexistence (100).




5 Conclusion

Results of this study elucidate the habitat associations and coexistence patterns of alligator gars, bull sharks and Atlantic stingrays. This information can be beneficial for the management of multispecies systems by identifying habitats worth of protection if they are deemed essential for a variety of species. Our results suggest that temperature and salinity are among the most important environmental variables in predicting both intra- and interspecific co-occurrence, and the habitats in which conspecifics co-occurred most frequently coincided with habitat suitability of the related species. Similarly, the habitats in which species co-occurred generally aligned with the habitat associations that were shared by both species. However, complex interactions with other individuals in their surroundings are also important to consider. Additional work should explicitly test for and distinguish between the relative importance of abiotic process (e.g., freshwater runoff, extreme temperature events) and biological processes (e.g., competition and predation) in regulating the co-occurrence of estuarine fishes.
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