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Anthropogenic activity in coastal areas can damage marine habitats and alter marine mammal behavior and habitat use. Understanding behavioral associations with diverse habitat features in industrialized coastal areas is crucial for marine mammal conservation management. A shore-based digital theodolite was used to assess the behavioral states and habitat use of common bottlenose dolphins (Tursiops truncatus) off Port Aransas, Texas across seasons. The relationship between behavioral states and environmental and geographical variables were analyzed. Behavioral hotspots were identified. Dolphins frequently foraged (46%), indicating the area is an important feeding ground. Dolphins also traveled (25%) and milled (22%), with less frequent occurrences of socializing (6%) and resting (1% of observations). Season, time of day, and distance to shoreline were significant predictors of foraging and traveling behavioral states. Dolphins engaged in all behavioral states closer to seawall shorelines than to mangroves and natural seagrass beds, suggesting that hard shoreline features may influence daily activity patterns. Despite daily anthropogenic operations, bottlenose dolphins use features of the industrialized area (i.e., deeply dredged channels, human-engineered seawalls) to engage in a variety of behaviors. Monitoring of dolphin behavioral states and habitat use in active ship channels are needed to assess changes from baseline data from increasing coastal development and vessel activities.
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1 Introduction

Understanding how marine mammals utilize different habitats in coastal environments is critical for informing management and conservation practices (Ingram and Rogan, 2002; Di Sciara et al., 2016). Many marine habitats continuously experience anthropogenic modifications with the potential to alter marine mammal behavior as human populations increase along the coast (Caldwell, 2016; Wells and Scott, 2018). Marine mammals, including dolphins, whales, and manatees may use urban areas with high anthropogenic activities regardless of frequent disturbances (Gubbins, 2002; Chilvers et al., 2005; Kraus and Rolland, 2009; Brown et al., 2019; Cloyed et al., 2022). Habitat preferences may be influenced by temporal factors (e.g., season, time of day), tidal characteristics (current speed, tidal state), and bathymetric features (e.g., water depth, slope; distances to shore), in addition to oceanographic features (e.g., temperature, salinity), prey distribution, predation pressure, and anthropogenic activities (Shane et al., 1986; Heithaus, 2001; Heithaus and Dill, 2002; Hastie et al., 2004; Karczmarski et al., 2005; Bejder et al., 2006; Saj and Sicotte, 2007; van Ginkel et al., 2018; Pearson, 2019). The effects of environmental, geographic, and biotic factors are not necessarily mutually exclusive and can have cumulative and cascading impacts. Common bottlenose dolphins (Tursiops truncatus; herein referred to as “bottlenose dolphins”) often inhabit coastal areas and may travel long distances within inshore and offshore environments, while others demonstrate high site fidelity to small areas and move short distances between habitats (Toth et al., 2011; Wells and Scott, 2018). Therefore, bottlenose dolphins may engage in a variety of behavioral states in geographically small areas with distinct habitats.

Temporal factors and tidal characteristics can contribute to variations in dolphin behavior occurrences in coastal areas. Seasonal movement in the prey species of bottlenose dolphins may alter foraging locations and tactics (Shane et al., 1986). In the dredged Galveston Ship Channel, Texas, bottlenose dolphins were more likely to forage in the morning and rest and socialize at mid-day during the summer (Piwetz, 2019). In Argentina, bottlenose dolphins rested mainly in the morning, while foraging and socializing (e.g., mate, play, body contact) increased in the afternoon (Würsig and Würsig, 1979). Bottlenose dolphins in the Sado Estuary, Portugal, milled (moved non-directionally) and traveled in the early afternoon (Harzen, 2002). In Aransas Pass, Texas, bottlenose dolphins oriented against strong tidal currents, often ebb tides, which may be a foraging tactic (Shane, 1977, 1980).

Geographic coastal features (e.g., channels, passes, open bays) and changes in bathymetry may influence dolphin behavioral states. Along the Texas coast, bottlenose dolphins favored dredged ship channels and narrow passes over open bay environments (Leatherwood and Reeves, 1983; Ronje et al., 2020). Bottlenose dolphin distribution patterns in dredged channels may reflect enhanced foraging opportunities in areas with steep seabed gradients (Allen et al., 2001; Hastie et al., 2004) or natural bottlenecks for traveling fish species (Henderson and Würsig, 2007). Some bottlenose dolphins chase/herd fish and disturb bottom sediments (Connor et al., 2019; Wells, 2019), which can be enhanced by natural structures (e.g., sand, mangroves, seagrass beds) and human-made obstacles (e.g., bridges, seawalls, fishing nets) (Rossbach, 1999; Torres and Read, 2009; Cantor et al., 2018). For example, bottlenose dolphins milled around rocky shoreline structures when not searching for prey near natural hard outcroppings (Würsig and Würsig, 1979). Bottlenose dolphins frequently foraged and traveled in the turbulent, deep, dredged channels (14 m deep) near Aransas Pass (Shane, 1977; Leatherwood and Reeves, 1983; Shane et al., 1986). Deep channels and passes provide dolphins with more three-dimensional space and maneuverability to dive and avoid potentially harmful coastal anthropogenic activities at the water’s surface compared to shallow bays (Hastie et al., 2004). However, bottlenose dolphins in Texas waters often socialized in open bays away from vessel activity (Shane, 1977; Shane et al., 1986). Resting dolphins appear to have reduced awareness of their surroundings and may take refuge in habitats they have deemed safe or close to shore, potentially to avoid predators in deep offshore water (Würsig and Würsig, 1979; Heithaus, 2001; Lammers, 2019).

The Corpus Christi Ship Channel (CCSC) is the main ship channel leading from the Gulf of Mexico to the inshore Port of Corpus Christi, Texas. The CCSC has undergone extensive infrastructure development and oil exportation growth over the last 40 years. A national oil export ban was lifted in 2015, which stimulated increased factory development, large-scale dredging projects, and high amounts of vessel activity in the area to accommodate port expansions (U.S. Coast Guard, 2019). Previous studies on bottlenose dolphin movement and distribution in the CCSC are dated to the 1980’s, prior to the expansive escalation in port growth (Shane, 1977, 1980; Leatherwood and Reeves, 1983). The objective of this study was to determine if bottlenose dolphin behavioral states vary with environmental and geographic factors in the CCSC-Aransas Pass confluence area. Understanding bottlenose dolphin behavior and habitat associations can aid in improving conservation of species and habitats in understudied industrialized and urbanized developing coastal ports.




2 Materials and methods



2.1 Study area

The Corpus Christi Ship Channel (CCSC, 14.6 m deep), Aransas Channel (AC, 4.3 m deep), and Lydia Ann Channel (LAC, 7.6 m deep) converge in the CCSC-Aransas Pass confluence area along the South Texas coast between Harbor Island, San José Island, and Mustang Island before extending into the Gulf of Mexico through Aransas Pass (27°50’42.1”N 97°03’29.1”W; Figure 1). All three dredged channels are composed of mud and flake (U.S. Coast Guard, 2019) and are utilized for vessel travel between the Gulf of Mexico and protected inshore Corpus Christi Bay. The CCSC and confluence area near the town of Port Aransas are characterized by human-engineered shorelines of granite blocks and concrete seawalls that provide protection from flooding and waves created by vessel movement. Natural shorelines (e.g., rocks, sand) and coastal habitats (e.g., mangroves, seagrass beds) are located along the AC and LAC bordering undeveloped environments (Figure 1). The CCSC-Aransas Pass confluence area experiences a diurnal tide with a 0.42 m range and current speeds averaging approximately 2 kn (NOAA National Ocean Service, 2022). During ebb and flood tides, surface observations of strong currents from each channel converge, contributing to nutrient mixing.




Figure 1 | Theodolite stations (site 1: 27°50.4867’N, 97°3.4750’W; site 2: 27°50.4767’N, 97°3.8267’W) and marine habitat types in the CCSC-Aransas Pass, Texas area.






2.2 Sampling method

Bottlenose dolphin geographic positions and behavioral states were recorded during daylight hours in 6-hour intervals using non-invasive techniques from two elevated land-based theodolite stations along the CCSC in Port Aransas between June 2021 and September 2022. A digital theodolite (Sokkia Model DT5/DT5S, 30x magnification) with a known position and height above sea level and two reference positions were used to calculate a Global Positioning System (GPS) coordinate of a surfacing dolphin (Harzen, 2002). The theodolite was positioned on a level surface with an eyepiece height positioned 24.3 – 24.7 m (Site 1) and 7 – 8 m (Site 2) above sea level (Figure 1). Sampling was prioritized at Site 1 due to its elevated height and proximity to the convergence area. The geographic positions of individual dolphins were recorded by aligning the theodolite monocular crosshair on the focal dolphin at the waterline when it surfaced. A dolphin group included adults with or without calves (< 2/3 adult size and echelon swimming position; Shane, 1990) and was defined as individuals within approximately 100 m of each other engaged in similar simultaneous behaviors (Azzellino et al., 2008). The mean dolphin group size ± S.D. is reported. The position of the middle individual was recorded when the dolphin group was close together, while the approximate center of the group was recorded when the group was spread out. A Dell laptop (Inspiron 3179) with Mysticetus software (version 2021.22) was connected to the theodolite to convert theodolite x and y angle measurements into Global Positioning System (GPS) coordinates in real-time and store observed dolphin behavioral states. Sampling consisted of one theodolite operator/observer and one computer operator/observer. The theodolite operator remained the same individual to eliminate observer bias.

Dolphin behavioral states (forage, mill, rest, socialize, travel; Table 1) were initially observed using binoculars (Bushnell, 12x50 mm; Lakwar, 10x50 mm). Systematic scans of the entire survey area were conducted for approximately 20 minutes every hour and at the beginning and end of each field day. When dolphins were observed during scans, the behavioral states and locations of dolphins were recorded. When behavioral states were indiscernible or several occurred simultaneously, the behavioral state was categorized as “other” and excluded from the analyses. Each dolphin position was recorded until individuals/groups moved beyond the theodolite’s reliable visibility range (> 3 km; Sagnol et al., 2014; Figure 1) or environmental conditions (e.g., Beaufort state > 3, fog, sunset, rain) restricted visibility.


Table 1 | Behavioral state definitions of common bottlenose dolphins adapted from published literature.






2.3 Analyses

A multinomial logistic regression (MLR) using the “nnet” package of RStudio statistical software (version 2022.07.2) was used to assess the relationship between dolphin behavioral state and environmental and geographic features (Koper et al., 2015; Hua et al., 2021; Félix et al., 2022; McNulty, n.d). Environmental factors included season, time of day, current speed, tidal state, and water depth, while geographic factors included shortest distances to shorelines, mangroves, and seagrass beds. Seasons were categorized as Summer (June – August), Fall (September – November), Winter (December – February), and Spring (March – May). Sampling was divided into Morning (0800 – 1059 hrs), Mid-day (1100 – 1359 hrs), Early Afternoon (1400 – 1659 hrs), and Late Afternoon (1700 – 2000 hrs). A National Oceanic Atmospheric Administration (NOAA) measurement station (cc0301, submerged 3.9 m) in the CCSC (Figure 1) automatically recorded daily current speed (knots) and direction (degrees true) in 6-minute intervals; data were obtained post hoc from the NOAA Center for Operational Oceanographic Products and Services (NOAA National Ocean Service, 2022). The measurement station typically displayed an approximate flood tide of 307 degrees in the CCSC-Aransas Pass confluence area. Tidal state ranges were established using current direction and an azimuth circle and were categorized as flood (262.25 – 351.75 degrees), slack (172.75 – 262.25 degrees and 351.75 – 83.25 degrees), and ebb (83.25 – 172.75 degrees) tides. The shortest distance between each dolphin group to the closest bathymetric line (water depth) and the closest shoreline were calculated using the Generate Near Table tool in ArcGIS Pro (version 2.8.3, ESRI- Environmental Systems Research Institute, Inc). The Euclidean Distance tool was used to find the shortest distance from any given dolphin group to mangrove substrates and seagrass beds, followed by the Cost Path as Polyline tool to account for realistic paths around land. Coastal marsh, emergent marsh, and oyster beds present in the area were not analyzed due to their inaccessibility to dolphins in the study area. Shapefile data from the CCSC-Aransas Pass confluence area were obtained from NOAA, Texas Parks and Wildlife Department, and Texas Department of Transportation online repositories.

Multinomial logistic regression models require defined reference groups for each categorical variable (Hua et al., 2021; McNulty, 2022). The travel behavioral state was used as the behavior reference group as it had a large sample size and consisted of uniform movement unlike the other behavioral states. Summer and mid-day were used as temporal reference groups as most collection effort occurred in these periods. Slack tide was used as the tidal reference group as it consisted of the weakest or no currents. Surface depth (0 m) was used as the depth reference group. Collinearity between explanatory variables was assessed with an augmented pairs plot. Explanatory variables were stepwise removed from MLR models based on Akaike Information Criterion (AIC) and models were compared to the fully saturated model (Shukla, 2020). The best-fitting model had the lowest AIC and deviance (Pipis, 2020; Shukla, 2020). A Pearson’s Chi-squared test was used to assess the goodness of fit of the expected results with the observed data in the final MLR model. A Nagelkerke’s Pseudo-R-square test determined how well the model explained the data. Log-likelihood ratio tests used the RStudio “lmtest” package to determine the statistical significance of categorical explanatory variables on behavioral state in the final MLR model. A one-way analysis of variance (ANOVA) followed by a Tukey post-hoc test with Shaffer adjustment using the “multcomp” package in RStudio was performed on significant numerical explanatory variables.

Hot spot analyses of dolphin behavioral states were conducted in ArcGIS Pro to determine spatial patterns and habitat-specific behavioral states. Optimized hot spot analysis uses the Getis-Ord Gi* statistic to calculate statistically significant areas where features with high values are surrounded by other high values (hot spots identified by low p-values and high z-scores) or low values surrounded by other low values (cold spots identified by low p-values and low z-scores). The False Discovery Rate (FDR) correction method was applied to correct for spatial dependence and multiple testing when calculating confidence intervals. Behavioral states with a minimum of 70 observations were used in the hot spot analyses (ESRI, n.d.). Kernel density analyses were used in ArcGIS Pro when behavioral states were observed less than 70 times (Koper et al., 2015). The kernel density analyses calculated the number of sightings of each behavioral state per square kilometer with a manually set search radius of 150 m and an output raster cell size of 15 m.





3 Results

Data were collected on 63 days, totaling 287.8 hours, from theodolite stations in Port Aransas between June 2021 and September 2022. Data were collected across seasons and time of day, with most effort during summer (Table 2) and at mid-day (Table 3). A total of 1,189 dolphin geographic positions were collected and used in various analyses: 1,120 positions were used in spatial analyses and 898 positions were used in statistical analyses. Dolphin group sizes ranged from 1 – 20 adults (mean = 3.06 ± 2.21) with 0 – 4 calves present (mean = 0.08 ± 0.33), however, it was not possible to individually identify dolphins observed from elevated theodolite stations. As theodolite scanning did not allow for identification of individuals, it is possible that the same dolphin occurred in more than one group. The predominant behavioral state of dolphin groups was foraging (n = 516 positions, 46% of observations) followed by traveling (n = 277 positions, 25% of observations), milling (n = 244 positions, 22% of observations), socializing (n = 70 positions, 6% of observations), and resting (n = 13 positions, 1% of observations).


Table 2 | Days (n = 63) and hours (n = 287.8) of observation of common bottlenose dolphins in the CCSC-Aransas Pass, Texas area per month from June 2021 to September 2022.




Table 3 | Number of hours (n = 287.8) of observations of common bottlenose dolphins per time period in the CCSC-Aransas Pass, Texas area from June 2021 to September 2022.



The fully saturated MLR model overpredicted the three most common behavioral states (forage, travel, mill) and masked the least common behavioral sates (social, rest). The final MLR model included the three most common behavioral states and excluded the least common behavioral states (Table 4). Tidal state, current speed, water depth, shortest distance to mangroves, and shortest distance to seagrass beds were excluded from the final model based on AIC values. The best fitting model for behavioral state (n = 834 positions, AIC = 1,711.744, deviance = 1,679.744) included the significant explanatory variables of season, time of day, and shortest distance to shoreline (X22 = 19.00, p < 0.001; Table 5). The Nagelkerke pseudo-R-square indicated a weak goodness of fit (9%) between explanatory variables and behavioral states. Weak model fit might suggest that other factors, such as biotic variables like group size, may be important contributors to dolphin behavior and should be addressed in future studies. Frequencies of behavioral state occurrences indicate statistical trends of occurrences expected by chance.


Table 4 | Exponentiated coefficients (± SE) of the final multinomial logistic regression (MLR) assessing relationship between common bottlenose dolphin behavioral states (forage, travel, mill) and significant explanatory variables (n = 834).




Table 5 | Log-likelihood ratios (a = 0.05) of significant explanatory variables included in the best fitting final MLR model (n = 834).





3.1 Environmental patterns

The behavioral states of bottlenose dolphins were significantly related to season (X26 = 14.39, p < 0.05; Table 5). Behavioral states were also significantly related to time of day (X26 = 29.61, p < 0.001; Table 5). Foraging was frequently observed during spring and winter months in the morning and late afternoon, and less frequently observed during the summer and fall in the early afternoon (Figures 2, 3; Supplementary Tables S1, S2). Dolphins frequently traveled during the summer and fall in the early afternoon and infrequently during the spring and winter months in the morning (Figures 2, 3; Supplementary Tables S1, S2). Dolphins milled frequently during the summer and winter in the late afternoon and infrequently during the spring. Season and time of day were weak explanatory variables for milling as observed values were close to predicted values (Figures 2, 3; Supplementary Tables S1, S2).




Figure 2 | Proportion of behavioral state occurrences of common bottlenose dolphins in the CCSC-Aransas Pass, Texas area from June 2021 to September 2022 based on season. Summer (June-August, n = 387), Fall (September-November, n = 274), Winter (December-February, n = 207), Spring (March-May, n = 252).






Figure 3 | Proportion of behavioral state occurrences of common bottlenose dolphins in the CCSC-Aransas Pass, Texas area from June 2021 to September 2022 based on time of day. Morning (0800–1059 hrs, n = 264), Mid-day (1100–1359 hrs, n = 369), Early Afternoon (1400–1659, n = 374), Late Afternoon (1700–2000 hrs, n = 113).






3.2 Geographic patterns

On average, bottlenose dolphins engaged in all behavioral states closer to the shoreline than to mangroves and seagrass beds (Table 6). The distance of bottlenose dolphins to the shoreline was a significant predictor of behavioral state in the MLR model (X22 = 19.14, p < 0.001; Table 5). Specific behavioral states occurred at significantly different distances from the shoreline (F(2, 831) = 11.23, p < 0.001), with foraging (t = -4.69, p < 0.001) and milling (t = -3.28, p = 0.001) occurring significantly closer to the shoreline than traveling. When bottlenose dolphins foraged and milled, there was no significant difference in the distance to the shoreline (t = 0.968, p > 0.05).


Table 6 | Descriptive statistics for the distances (m) to the closest bathymetric line (m) and habitat type for common bottlenose dolphins in each behavioral state in the CCSC-Aransas Pass, Texas area from June 2021 to September 2022 (n = 898).



Foraging occurred throughout the study area with hot spots along the seawall of the CCSC under Site 1 and near the ferry crossing in the middle of the CCSC (Figure 4A). No foraging cold spots were identified (Supplementary Table S3). Traveling occurred throughout the study area with hot spots across the confluence area of the AC, LAC, and CCSC, as well as at the entrance to the Port Aransas boat harbor (Figure 4B). Traveling cold spots were in the middle of the CCSC toward the mouth of the Aransas Pass jetty along San José Island and in the middle of the LAC (Figure 4B; Supplementary Table S3). Milling occurred throughout the study area with a hot spot across the confluence area of the AC, LAC, and CCSC and extending into the Port Aransas harbor (Figure 4C; Supplementary Table S3). There was no cold spot for milling (Figure 4C; Supplementary Table S3). The densest occurrences of socializing per kilometer were at the periphery of the CCSC near Site 1 and off the Harbor Island point in the middle of the channel confluence area (Figure 5A). Resting had the densest occurrence per kilometer particularly along Harbor Island, along the seawall near Site 1, and along the periphery of the CCSC in Aransas Pass near the opening of the AC (Figure 5B).




Figure 4 | Hot spot analyses of common bottlenose dolphin behavioral states in the CCSC-Aransas Pass, Texas area between June 2021 to September 2022. (A) foraging, n = 516; (B) traveling, n = 277; (C) milling, n = 244.






Figure 5 | Kernel density map of common bottlenose dolphin behavioral states in the CCSC-Aransas Pass, Texas area between June 2021 to September 2022. (A) socializing, n = 70; (B) resting, n = 13. Density analysis represents the number of sightings per square kilometer with radius of 150 m and an output raster cell size of 15 m.







4 Discussion

The behavioral states of dolphins varied with environmental and geographic parameters in a highly industrialized active seaport. The CCSC-Aransas Pass confluence area was predominately used by bottlenose dolphins to forage, travel, and mill and appears to be a foraging hot spot (46% of observations) that is rarely used for resting during daylight hours (1% of observations). The CCSC-Aransas Pass confluence area seems to serve as a natural bottleneck for prey species moving between the Gulf of Mexico and Corpus Christi Bay (Stokes, 1977; Gilbert, 1986; Bushon, 2006; Payne, 2011), which may attract and sustain dolphins despite overlap with extensive anthropogenic threats. Bottlenose dolphins along the Texas coast favor dredged channels and passes (Shane, 1977; Leatherwood and Reeves, 1983; Henderson and Würsig, 2007; Ronje et al., 2020; Mills et al., 2023), which provide a three-dimensional space to dive and avoid vessel activity at the surface. High vessel traffic and potential predation from sharks may contribute to the limited occurrence of dolphins resting in the CCSC-Aransas Pass confluence area. Dolphins may reduce resting behavior and remain active to avoid predators and protect their calves, as large, migratory sharks (e.g., tiger shark: Galeocerdo cuvier; scalloped hammerhead: Sphyrna lewini; bigeye thresher: Alopias superciliosus; bull shark: Carcharhinus leucas) have been found to move between offshore waters and inshore nursery areas through channels like Aransas Pass along the Gulf of Mexico (Froeschke et al., 2010; Gibson et al., 2019; Ajemian et al., 2020; Anderson et al., 2022). Reduced resting may result in energy depletion with adverse potential effects on dolphins (Lusseau, 2003; Visser et al., 2011; Bas et al., 2015). However, research efforts in nearby bays may provide insights into dolphin resting hotspots and facilitate evaluation of the sustainability of bottlenose dolphins in the area.

The high occurrences of dolphin foraging in the morning and late afternoons in the spring but not the summer are consistent with other findings in Texas waters (Henderson and Würsig, 2007; Piwetz, 2019). Dolphins may mill between bouts of foraging, as milling also occurred frequently in the late afternoon, although our data indicate that milling patterns do not seem to be driven by temporal variables as time of day was a weak explanatory variable for milling patterns. Temporal patterns of foraging align with the spawning and migration of prey species in the CCSC; common prey of bottlenose dolphins in the region include Southern flounder (Paralichthys lethostigma) and Gulf flounder (P. albigutta) that spawn in the Gulf of Mexico from September to April and return to bays during January and February (Stokes, 1977; Gilbert, 1986; Bushon, 2006; Payne, 2011). Flounder movement through the CCSC peak between November and February (Stokes, 1977). As dolphins traveled most during the summer and fall when flounder abundance is historically low in the CCSC (Stokes, 1977; Bushon, 2006; Nañez-James et al., 2009), dolphins may be transiting to other areas for foraging opportunities; bottlenose dolphin abundance in the CCSC-Aransas Pass confluence area is historically low during the summer (Shane, 1980). Early afternoon traveling has also been observed in a different management stock of bottlenose dolphins along the Texas coast (Piwetz, 2019). Dolphins in the CCSC-Aransas Pass confluence area appear to transition from traveling in the early afternoon to foraging during late afternoon as previously observed (Shane, 1977), potentially reflecting understudied temporal patterns of prey abundance in the area.

Hard shoreline structures appear to influence dolphin behavioral states as foraging, traveling, and milling occurred closer to human-made shorelines (e.g., seawalls, granite blocks) than natural habitats (e.g., mangroves, seagrass beds), the latter of which had little influence on dolphin behavioral states. Dolphins may use human-made physical structures as barriers to herd and trap prey, which is supported by visual observations of dolphins chasing fish along seawalls during the course of this research (Rossbach, 1999; Torres and Read, 2009; Cantor et al., 2018). Dolphin preferences for foraging in dredged channels may reflect increased prey abundance in channels and passes (Shane, 1977; Leatherwood and Reeves, 1983; Shane et al., 1986; Allen et al., 2001; Félix et al., 2022). Flounder abundance was historically high in Aransas Pass with no vegetation along the shoreline (Stokes, 1977). As dolphins traveled farther from the shoreline compared to when foraging or milling, dolphins may transit across channels to utilize hard structures close to the shoreline for prey capture. Dolphin foraging in the CCSC-Aransas Pass confluence overlapped extensively with areas of recreational fishing. Dolphins may utilize habitats regardless of marine noise and high vessel activity due to prey availability (Piwetz et al., 2021). Pile driving, welding, and crane operation occurred along some hard shorelines during the study period, likely producing amplified underwater noise known to disrupt the communication, behavior, and distribution of some populations of bottlenose dolphins (Todd et al., 2015; Piwetz et al., 2021). Bottlenose dolphins also foraged frequently near the local ferry crossing, congruent with findings for a different management stock of bottlenose dolphins in Texas (Rivard et al., 2016). The mixing of water and nutrients from ferry and vessel operations may increase prey abundance.

Traveling and milling hot spots overlapped with areas of frequent vessel traffic in the CCSC-Aransas Pass confluence area and at the entrance of the Port Aransas boat harbor. Dolphins may use the confluence area to travel from deep channel environments to shallower vegetated habitats connected to Aransas-Copano Bay where Southern flounder densities are high (Nañez-James et al., 2009). Although dredged channels connecting bays to the Gulf of Mexico may serve as travel corridors for bottlenose dolphins in Texas waters (Henderson and Würsig, 2007), they are not consistently used for this function (Piwetz, 2019) and were a cold spot for dolphin travel in this study. Dolphins may mill in the CCSC-Aransas Pass confluence area when prey abundance is low or when other behaviors cease, similar to findings in San Luis Pass, Texas (Henderson and Würsig, 2007). Bottlenose dolphins traveled and milled in the entrance of the Port Aransas boat harbor recurrently. As vessels frequent the harbor, there is an increased collision risk to milling dolphins.

Bottlenose dolphins socialized and rested along hard shoreline structures that experience strong surface currents which vary with tidal state. Most socializing and resting occurred at the peripheral confluence of channels, where dolphin groups may aggregate before transiting; these peripheral areas had low vessel traffic and reduced likelihood of vessel strikes compared to the middle of the channels. As vessel traffic, especially from dolphin-watching ecotours, can interrupt dolphin resting in coastal areas, dolphins may selectively engage in vulnerable behavioral states in areas of low vessel traffic (Lusseau, 2004; Arcangeli and Crosti, 2009; Bas et al., 2015). Research is warranted to explore the interactions between and effects of anthropogenic disturbances on bottlenose dolphins in the highly industrialized CCSC-Aransas Pass confluence area (e.g., stress levels, acoustic masking, reproductive success) to determine if dolphins are habituated or desensitized to anthropogenic activity. Dolphins may have varying tolerance levels to vessel traffic (Bejder et al., 2009), as bottlenose dolphins rested infrequently in the CCSC-Aransas Pass confluence area. The costs of tolerating anthropogenic disturbances may be lower than the energetic efforts to relocate (Bas et al., 2015). Continued monitoring of long-term impacts of port growth and industry development on bottlenose dolphins in the area is strongly encouraged for species conservation management. Updated data on fish movement and seasonal abundance patterns may provide further insight into why dolphins remain in an area of such high risk.




5 Conclusions

This study provides insight into the influences of environmental and geographic factors on dolphin daily activities in one of the busiest vessel ports in the United States. The CCSC-Aransas Pass confluence area remains a key foraging hot spot for bottlenose dolphins despite anthropogenic threats, suggesting abundant prey particularly along hard-structured seawalls where dolphins foraged in close proximity to fishing vessels. Marine megafauna inhabiting coastal environments often overlap with anthropogenic operations in industrialized areas (Chilvers et al., 2005; Bain et al., 2006; Pirotta et al., 2013; Todd et al., 2015; Marley et al., 2017; Cloyed et al., 2019; Piwetz, 2019; Mills et al., 2023). Increased port growth and vessel operations in coastal areas may pose threats to marine species and the habitats they occupy. As marine megafauna remain in industrialized areas, interactions between species and anthropogenic activities (e.g., tourism, recreational boating, commercial shipping and fishing, marine construction) may increase and can cause behavioral disruptions, shifts in habitat use, and collisions resulting in injury or death (Bejder et al., 2006; Culloch et al., 2016; Cloyed et al., 2019; Piwetz, 2019). Knowledge of the temporal and spatial patterns of marine megafauna relative to various behavioral states can aid in informing management decisions, providing proper operating procedures around marine species, and ultimately species protection.
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Description

Forage

Mill

Variable movement directions, high
arching dives (tail flukes out of water),
body arched, interacting with fish
(trapping fish against hard structures)

Nondirectional movement, absence of

physical contact, frequent changes
in heading

Henderson and
Wiirsig, 2007
Torres and
Read, 2009

Shane et al., 1986;
Henderson and
Wiirsig, 2007;

Baker et al,, 2017

Rest

Slow movement, drifting in one
direction at the surface

Shane et al,, 1986

Socialize

Individuals in close proximity, body
contact, sexual behavior, leaps, playing
with objects

Shane, 1977;
Baker et al., 2017

Travel

Steady or rapid movement in
one direction

Henderson and
Wiirsig, 2007
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