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Multi-species conservation strategies can be useful to maximize allocation of resources. To effectively plan for multi-species management practices, it is important to have a robust understanding of the variability in the spatial and behavioral ecology of sympatric species. To address this in the context of marine turtles, this study explored fine-scale habitat use by three sympatric species [juvenile green turtles (Chelonia mydas), Kemp’s ridley turtles (Lepidochelys kempii) and loggerhead turtles (Caretta caretta)] in a foraging area near Crystal River, Florida, United States. By combining sighting surveys and satellite tracking methods, we found that the distribution of the three species of marine turtles in this region overlapped both in space and time. We also observed differences in the fine-scale location of hotspots and in-water behavior among species, with some degree of apparent habitat partitioning. Habitat partitioning was particularly evident when assessing the diving and surfacing behavior of tracked turtles, with some degree of differentiation in diel diving patterns, particularly depths utilized during daytime/nighttime and the dive/surface duration. Our study provides ecological baseline data on the spatial overlap, habitat use and behavior of three sympatric marine turtle species, which can inform future management strategies at nearshore marine habitats in the Northeastern Gulf of Mexico.
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INTRODUCTION

Conservation strategies for multiple species can be appropriate when there is spatial overlap among different species of conservation concern with similar ecological roles, habitat use, and common threats (IUCN/SSC, 2008). When resources (e.g., funds) are limited and conservation actions are time-sensitive, a multi-species approach can provide a cost-effective solution to the conservation/management of the species at issue (e.g., Sanderson et al., 2002; Downey et al., 2008; IUCN/SSC Species Conservation Planning Sub-Committee, 2017). However, one of the trade-offs of a multi-species management approach is that it can be challenging to accommodate for species-specific needs. Vulnerability to environmental changes (both anthropogenic and natural) can differ substantially between species, depending on the species’ ecological (e.g., habitat use, inter and intraspecific interactions, prey–predator interactions), biological (e.g., genetic, physiology, anatomy) and behavioral traits (e.g., foraging, resting and migratory behaviors, diving patterns). Characterizing these differences can help identify which species are more likely to be vulnerable within an ecosystem, and thus more effectively strategize local conservation efforts tailored to the different sympatric species of interest and their overlapping needs (Auerbach et al., 2014; Lindström et al., 2014).

Conservation of highly mobile and migratory megafauna, such as marine turtles, requires coordinated efforts to protect species across their range. Marine turtles are known to aggregate in coastal foraging areas as a result of seasonal shifts (e.g., Schmid and Witzell, 2006; Hawkes et al., 2007; Shimada et al., 2016a), and in-between developmental (e.g., Musick and Limpus, 1997; Mansfield et al., 2009; Vélez-Rubio et al., 2018) or reproductive stages (e.g., Miller, 1997; Hatase and Tsukamoto, 2008). Vulnerability of marine turtles to potential threats will vary greatly at each of these stages, and will depend on the specific characteristics and intensity of the threats and the biological and ecological plasticity of the affected individuals (Bolten et al., 2011; Fuentes et al., 2015; Klein et al., 2016). The large spatial scale of marine turtle migrations makes it challenging to quantify and manage threats across their range. Home ranges on coastal foraging habitats are usually smaller in scale, but habitat use can be variable and dependent on the specific site, species and life stage (e.g., Schofield et al., 2010; Shimada et al., 2014; Gillis et al., 2018). Thus, knowledge on the spatial aggregation of marine species at foraging areas can be a valuable tool for managers seeking to provide local and regional protection to endangered species (Heupel and Simpfendorfer, 2005). Expanding our knowledge on the spatial and temporal patterns in the distribution and habitat use of foraging turtles, in particular juvenile life stages (Wildermann et al., 2018a), is a current research priority to inform management actions at local scales (Hamann et al., 2010; Rees et al., 2016).

The sub-tropical neritic habitats along the coast of Florida, United States, are home to various life-stages of multiple marine turtle species [i.e., green turtle (Chelonia mydas, CM), Kemp’s ridley turtle (Lepidochelys kempii, LK), loggerhead turtle (Caretta caretta, CC), leatherback turtle (Dermochelys coriacea, DC), and hawksbill turtle (Eretmochelys imbricata, EI)]. Extended efforts have been undertaken in this region to generate and compile biological and ecological information of marine turtles in foraging habitats (see review in Eaton et al., 2008). Even though the co-existence of multiple marine species is well documented in the region (Eaton et al., 2008; Hart et al., 2018; Lamont and Iverson, 2018), studies on the habitat use have typically focused on a single species (e.g., Schmid, 2000; Makowski et al., 2006; Bresette et al., 2010; Foley et al., 2014). Consequently, there is a substantial body of knowledge on the distribution, movement and habitat use of juvenile CM and LK in several locations along Florida’s coast (Carr and Caldwell, 1956; Mendonça, 1983; Ogren, 1989; Rudloe et al., 1991; Renaud, 1995; Barichivich et al., 1998; Schmid, 1998, 2000; Schmid and Barichivich, 2005; Barichivich, 2006; Makowski et al., 2006; Schmid and Witzell, 2006; Bresette et al., 2010; IRG, 2012). Less is known about juvenile CC distribution and habitat use in coastal habitats of Florida (Mendonça and Ehrhart, 1982; Eaton et al., 2008; Lamont and Iverson, 2018), with one of the remaining geographic gaps in in-water research encompassing the southern Big Bend region in northwest peninsular Florida [Northeastern Gulf of Mexico (NeGM)] (Eaton et al., 2008).

To elucidate the benefits of determining habitat use by sympatric marine turtle species and provide a better understanding of the fine-scale habitat use by species, we assessed the spatial distribution and behavioral strategies of juvenile CM, LK, and CC near Crystal River (CR), Florida, located in the NeGM. By comparing species-level behavior we (a) identified areas where multiple marine turtle species overlap, (b) determined the differential use of habitat and shared resources among species, based on the horizontal (home range and core areas) and vertical (general and diel diving behavior) movements of satellite tracked turtles.

MATERIALS AND METHODS

This study was carried out in accordance with the recommendations of National Marine Fisheries Service ESA Section 10(a) permit (#16733, #19496), Florida Fish and Wildlife Conservation Commission Marine Turtle Permit (MTP-16-30, MTP-16-243, MTP-17-243A), Research and Monitoring Special Use permit for Chassahowitzka (#41510-14002, #16011), and Florida Animal Care and Use Committee permit (ACUC #1524).

Study Area

This study was conducted in the coastal waters of the NeGM offshore of Citrus County between Crystal Bay and Homosassa Bay (hereafter CR region; Figure 1), which has been identified as important marine turtle habitat for three species of marine turtles: CM, LK, and CC (Barichivich et al., 1998; Schmid, 1998; Eaton et al., 2008). Limited information exists on the relative and cumulative impact of natural and anthropogenic threats to the local marine turtle populations, but recent evidence suggests that the recreational scallop harvest influences the behavior and distribution of marine turtles in the region (Wildermann et al., 2018b). There are two special management areas within the study area: St. Martins Marsh Aquatic Preserve (SAP) managed at state level (Florida Department of Environmental Protection, 2017) and Chassahowitzka National Wildlife Refuge (CNR) managed at federal level (U. S. Fish and Wildlife Service, 2010; Figure 1). The SAP was established in 1969 to protect “submerged lands of exceptional beauty that are to be maintained in their natural or existing conditions” (Florida Department of Environmental Protection, 2017), and the CNR was established in 1943 to protect waterfowl (U. S. Fish and Wildlife Service, 2010).
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FIGURE 1. Study area in the Crystal River region, located in the Northeastern Gulf of Mexico, in Florida, United States.



Turtle Sightings and Captures

Turtle sightings were recorded opportunistically using a GPS along an area up to 11 km offshore between CR and Homosassa River (Figure 1). The study area was randomly sampled across different survey days. Survey days were randomly selected within each month between July and September 2016 using equal probability sampling across all day types (weekends, holidays, and weekdays) and conducted between 1100 and 1400, for a total of 13 survey days. A subset of the sighted turtles was captured using the “rodeo” technique (Limpus and Walter, 1980; Fuentes et al., 2006) and by dipnet. Once on board, we recorded standard straight carapace length (SCL ± 0.1 cm, measured from the anterior point at the nuchal scute to the posterior tip of the supracaudals) and body weight (±0.1 kg) of each turtle (Balazs, 1999), and marked them with two Inconel flipper tags (National Band and Tag Company, Style 681) and a passive integrated transponder (PIT tag, Biomark, GPT12) (Balazs, 1999).

Satellite Tag Deployment

Between 2014 and 2017 turtles were captured during five trips. Three turtles were captured during sighting surveys in 2016 in the northern extent (near SAP) of the survey area. All remaining turtles (5 in 2014, 2 in 2015, 4 in 2016, and 2 in 2017) were captured in the southern extent of the study area (near CNR) during random surveys dedicated to find marine turtles for satellite tracking following the protocols stated above. We deployed Argos-linked Fastloc GPS [Wildlife Computers SPLASH 10-BF-351E (n = 3), SPLASH 10-F296 (n = 2) and SPLASH 10-F297 (n = 11)] tags on 16 marine turtles (9 CM, 5 LK, and 2 CC; Table 1). Each turtle was released at the same location where it was captured. Satellite tags were attached using the methods described by Seney et al. (2010) for small juvenile turtles. Thirteen of the tags (models SPLASH 10-F296 and 10-F297) recorded diving behavior parameters (i.e., maximum dive depth, maximum dive and surface duration, time-at-depth or the proportion of time spent at predefined depth bins) and temperature (time-at-temperature or the proportion of time spent at predefined temperature bins). Binned data were sampled every 10 s and provided as summarized proportion of time in 6 h bins (at 0200, 0800, 1400, and 2000 Eastern Standard Time). Maximum dive depth was collected every 0.5 m from 0.5 to 12 m. Maximum dive and surface duration were collected every 1 min from 1 to 5 min, then every 5 min from 5 to 30 min, then every 10 min from 30 to 60 min, and then >60 min. Time-at-depth was collected every meter from 0 to 5 m, and then every 10 m from 10 to 200 m, and then >200 m. Time-at-temperature was collected every 2°C from 8 to 32°C, and then >32°C.

TABLE 1. Summary of marine turtles tracked between July and September (2014–2017) in the Crystal River region, United States.
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Spatial Distribution of Tracked Turtles

Satellite-derived GPS locations of each turtle were extracted for the summer months within the open scallop recreational fishery season (July–September). We reconstructed the tracks of individual turtles by fitting a hierarchical first difference correlated random walk state space model (hDCRW-SSM) to each track (Jonsen et al., 2006), using the bsam package (Jonsen et al., 2017) in R v.3.5.1 (R Core Team, 2018). The models were computed using all satellite-derived locations [all GPS locations and ARGOS location class (LC) 3, 2, 1, 0, A and B; Supplementary Figure 1A and Supplementary Table 1]. Both ARGOS and GPS locations were utilized in the spatial analysis to maximize data retention and fill temporal gaps – ARGOS data trades lower accuracy for more frequent transmissions compared to GPS data (Supplementary Table 1). Nevertheless, to overcome this issue the hDCRW-SSM takes into account the estimated error associated with each ARGOS LC (Jonsen et al., 2006), which ranges from 3000 m for LC B to 150 m for LC 3 (see Vincent et al., 2002; Jonsen et al., 2005 for details on how estimated errors are calculated). To incorporate GPS locations in the model, we assigned them the lowest ARGOS error (LC 3, <150 m), as per Thums et al. (2017). The modeling parameters were as follows: we iterated one Markov chain Monte Carlo (MCMC) 300000 times, the first 100000 iterations were excluded (burn-in), every 100th of the remaining 200000 iterations was retained, and reconstructed locations were computed at 12-h intervals. We removed reconstructed locations that fell within periods with more than 5 days without raw fixes, to decrease the influence of erroneous locations when there are long periods of missing data (Bailey et al., 2008; Shimada et al., 2016b). The reconstructed tracks were then combined with the raw high-quality satellite-derived locations (all GPS locations, and ARGOS LC 3, 2, and 1) (Shimada et al., 2016b), and further filtered by removing visually obvious erroneous fixes (e.g., locations on land) (Supplementary Figure 1B). We then used the filtered locations to compute utilization distributions (UDs) of each individual employing a movement-based kernel density estimation (MKDE) based on a biased random bridge model (BRB) (Benhamou, 2011) to estimate home ranges (95% UD) and core areas (50% UD), with the package adehabitatHR (Calenge, 2011) in R.

Diving Behavior of Tracked Turtles

We used all binned time-at-depth and time-at-temperature records for each turtle to assess the vertical habitat use by each individual and species. We also examined the diving data for patterns in the maximum depth and duration of diving/surface behavior among species. In addition, we explored potential diel diving patterns for each species by clarifying each entry as daytime or nighttime, based on the local sunrise and sunset times for each day (NOAA Solar Calculator1). To decrease the influence of outliers, we discarded values outside the 99% percentile for each species and dive parameter (maximum diving depth, maximum diving duration and maximum surface duration).

Statistical Analyses

Descriptive statistics are expressed as mean ± standard deviation (SD). All statistical analyses were performed in R v. 3.5.1 (R Core Team, 2018). We fitted a One-way ANOVA or Kruskal–Wallis sum rank test (depending on normality and homogeneity of variance of samples) to assess the relationship between size of home ranges and core areas among species and to explore trends in Sea Surface Temperature (SST) across the sampling years. Monthly SST (based on the 11 μ daytime spectral band) for each year (2014–2017) was derived from NASA’s Aqua MODIS satellite at 4 km resolution (NASA Goddard Space Flight Center, Ocean Ecology Laboratory, Ocean Biology Processing Group, 2014). Differences in diving behavior parameters (maximum dive depth, dive duration and surface duration) among species was assessed through a Linear Mixed Effect Model (LMEM) with three-way nested data following the top-down protocol and likelihood ratio tests outlined in Zuur et al. (2009). Estimation of the final models was done with the restricted maximum likelihood (REML) method, with species as the fixed explanatory variable and individuals as random effect. For each model we log transformed the response (maximum dive depth, maximum dive duration or maximum surface duration). We acknowledge that differences in tracking duration among individuals (e.g., a turtle that was tracked over 3 months versus a turtle that was tracked over 1 month) might influence UD size estimates, which is a common issue in satellite tracking studies on marine megafauna. Thus, our results should be interpreted with caution considering that unequal tracking might yield to UD estimates biased toward the longest tracking durations.

RESULTS

Spatial Distribution of Sighted Marine Turtles

In total, 297 individuals of three species of marine turtles were sighted during 13 survey days. CM were the most abundant species (n = 245), followed by LK (n = 34) and CC (n = 18). An apparent space partitioning among species was evident based on the turtle sighting surveys (Figure 2). Seemingly, “hotspots” of sighted CM and LK overlapped in the northern extent of the study area (Figures 2A,B), near the SMP, whereas “hotspots” for CC were concentrated further south in the Homosassa Bay region (Figure 2C). Overlap of the three marine turtle species was evident west off the boundary between SMP and CNR (Figure 2D).
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FIGURE 2. Spatial distribution of marine turtle sightings between July and September 2016 in the Crystal River region, United States: (A) 245 CM green turtles; (B) 34 LK Kemp’s ridley turtles; (C) 18 CC loggerhead turtles; and (D) the overlap of species (number of marine turtle species recorded in each cell). Light gray cells represent surveyed areas where no marine turtles were sighted. SAP, St. Martins Marsh Aquatic Preserve; CNR, Chassahowitzka National Wildlife Refuge.



We captured 72 individuals out of the sighted turtles (43 CM, 23 LK, and 6 CC). Most turtles were estimated to be immature, with higher proportions of small sized immature CM (<40 cm SCL; Figure 3A), medium to large immature LK (40–55 cm SCL; Figure 3B) and large immature and adult (1 female and 2 males) CC (85–93 cm SCL; Figure 3C). While depth at capture was not recorded during the surveys, consistent anecdotal reports in the study area between 2014–2017 suggest that larger turtles (immatures and some adults) are predominantly distributed in deeper waters (1–5 m), while smaller turtles remain mostly in very shallow waters (<1 m).
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FIGURE 3. Frequency of size classes of marine turtles captured between July and September 2016 in the Crystal River region, United States: (A) 43 CM green turtles; (B) 23 LK Kemp’s ridley turtles; and (C) 6 CC loggerhead turtles.



Spatial Distribution of Tracked Marine Turtles

We tracked 16 turtles (9 CM, 5 LK and 2 CC) during the summer months (July–September) between 8 and 92 days (45 ± 28 days) (Table 1). Most tracked turtles were captured in random surveys dedicated to find individuals and deploy satellite tags, while 3 turtles (2 CM IDs 159776 and 159781, and 1 LK ID 159779) were captured during sighting surveys. All tracked turtles were of juvenile size, with mean SCL of 51.1 ± 1.6 cm for CM, 40.1 ± 6.2 cm for LK and 74.1 ± 3.9 cm for CC (Table 1). All turtles remained within the study area during the summer months. The recorded SST did not significantly differ during the summer months between 2014 and 2017 (One-way ANOVA; F = 0.596, df = 3, p = 0.635); therefore, we assumed that the distribution of tracked turtles among years was not influenced by the inter-annual variability in water temperature during this period. Moreover, maps on the distribution of turtles varied slightly depending on the method used to estimate the distribution of turtles (i.e., sightings or tracking). Only three turtles were captured and tracked concurrently during sighting surveys (carried out in the northern extent of the survey area, near SAP; Figure 1). Two of these turtles (CM ID 159781 and LK ID 159779) had home ranges that overlapped with an area of frequent turtle sightings, namely around the boundary of the central region of SMP (CM Figure 2A and Supplementary Figure 2C; LK Figure 2B and Supplementary Figure 2G). In contrast, the third tracked turtle (CM ID 159776) moved away from the capture location and utilized a nearshore area within the CNR (Figure 2A and Supplementary Figure 2C), which was not covered during the turtle sighting surveys.

Across all years, core areas (50% UD) of the different species overlapped in some regions, particularly in the northern extent of SAP and west off southern CNR (Figure 4). However, in most cases individual tracked turtles used distinctive areas, even within the same year (Supplementary Figure 2). The exception to this was for CM in 2014 (Supplementary Figure 2A) and CM and CC in 2017 (Supplementary Figures 2D,I), which seemed to have a larger overlap of their core areas. While most tracked turtles were distributed in waters between 5 and 15 km away from mainland, some LK (IDs 142711, 159779, and 162057,) and CM (IDs 159776 and 159781) used nearshore areas in close proximity to mangroves, and just one green turtle (ID 142708) moved further offshore to deeper waters (Figure 4).
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FIGURE 4. Spatial distribution of core areas (50% UD) of turtles tracked between July and September (2014–2017) in the Crystal River region, United States: (A) 9 CM green turtles; (B) 5 LK Kemp’s ridley turtles; and (C) 2 CC loggerhead turtles. SAP, St. Martins Marsh Aquatic Preserve; CNR, Chassahowitzka National Wildlife Refuge.



Size of home ranges (95% UD; One-way ANOVA; F = 2.241, df = 2, p = 0.146; Figure 5A) and core areas (50% UD; Kruskal–Wallis rank sum test; X2 = 0.16078, df = 2, p = 0.92; Figure 5B) were not significantly different among species. Areas used by CM (95% UD = 24.3 ± 9.8 km2; 50% UD = 4.4 ± 1.3 km2) and CC (95% UD = 24.1 ± 16.6 km2; 50% UD = 4.7 ± 3.5 km2) were similar in size, while the ones used by LK were relatively larger (95% UD = 64.9 ± 62.1 km2; 50% UD = 9.4 ± 10.1 km2).


[image: image]

FIGURE 5. Area in km2 of (A) home ranges (95% UD) and (B) core areas (50% UD) of marine turtles (3 CM green turtles, 5 LK Kemp’s ridley turtles, and 2 CC loggerhead turtles) tracked between July and September (2014–2017) in the Crystal River region, United States.



Diving Behavior of Tracked Turtles

Diving parameters were only registered by turtles tracked from Homosassa Bay (7 CM, 4 LK, and 2 CC; Figure 1). Maximum dive depths most frequently recorded by the tracked turtles differed among each species. Tracked CM (n = 7) used a wider range of depths (up to 12 m), spending most of the time diving at 3 m of depth (27 and 30%, respectively) (Figure 6-CM). Most dives of LK (n = 4) were at 2 and 3 m of depth (34%), with frequent dives also at 1 and 2 m depth (25 and 23%, respectively) (Figure 6-LK), whereas CC (n = 2) spent most of the time (57%) at 1 m depth (Figure 6-CC). All species spent the highest proportion of time in waters around 32°C, with temperatures ranging between 28 and 32°C (Supplementary Figure 3).
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FIGURE 6. Histograms of the proportion of time each species spent within each dive depth bin. Data were obtained from 13 turtles (7 CM green turtles; 4 LK Kemp’s ridley turtles; and 2 CC loggerhead turtles), tracked between July and September (2014–2017) in the Crystal River region, United States.



Variability among individuals was significant for all diving behavior parameters and explained most of the differences in the maximum dive depth, dive duration and surface duration among species (LMEM fit by REML; models: response∼species, random=∼1|turtle). When comparing species-level variability in diving depth, significant differences were found between CM and CC, but not with LK. Maximum depth used by CM (3.4 ± 1.2 m) was significantly deeper than depths used by CC (1.6 ± 0.6 m) (LMEM fit by REML; t-value = -2.346541, df = 10, p = <0.0409); maximum depth used by LK averaged 3.1 m (±0.6 m) (Figure 7A). The maximum dive duration was highest for CC (29.5 ± 35.9 min), followed by CM (21.4 ± 22.7 min), and shortest for LK (11.5 ± 7.17 min) (Figure 7B). There were no significant differences in maximum dive duration among species. Nevertheless, the maximum surface duration of CM (17.5 ± 12.5 s) was significantly lower than that of LK (21.6 ± 13.0 s) (LMEM fit by REML; t-value = 4.59459, df = 10, p = <0.0010) and that of CC (22.5 ± 22.8 s) (LMEM fit by REML; t-value = 2.80161, df = 10, p = <0.0187) (Figure 7C), There were no significant differences in surface duration between LK and CC.
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FIGURE 7. Box-plots of three diving behavior parameters: (A) maximum dive depth, (B) maximum dive duration, and (C) maximum surface duration, for each species. Data were obtained from 13 turtles (7 CM green turtles; 4 LK Kemp’s ridley turtles; and 2 CC loggerhead turtles), tracked between July and September (2014–2017) in the Crystal River region, United States. Box-plot description: whiskers represent the minimum and maximum values, box represents values in the second and third quantiles, line inside the box represents the median, “x” represents the mean, circles represent outliers.



All species used similar depths during the night, with CM slightly increasing the proportion of time at depths up to 3 m during nighttime compared to daytime (Supplementary Figure 4-CM), and CC slightly increasing the proportion of time at 2 m (Supplementary Figure 4-CC). There were no clear diel patterns in the depths used by LK (Supplementary Figure 4-LK). In addition, diel activity patterns in maximum dive depth for each species were on average similar during daytime and nighttime (CMday = 3.65 ± 1.08 m, CMnight = 3.16 ± 1.14 m; LKday = 3.19 ± 0.59 m, LKnight = 3.01 ± 0.63 m; CCday = 1.69 ± 0.54 m, CCnight = 1.56 ± 0.58 m) (Supplementary Figure 5A). Maximum dive durations for CM and CC were on average longer during daytime compared to nighttime (CMday = 26.2 ± 27.6 min, CMnight = 18 ± 17.5 min; CCday = 34.2 ± 43 min, CCnight = 25.9 ± 28.5 min), but remained similar during both time periods for LK (LKday = 11.7 ± 7.8 min, LKnight = 11.2 ± 6.34 min) (Supplementary Figure 5B). In contrast, maximum surface durations for CM and CC were on average longer during nighttime compared to daytime (CMday = 13.1 ± 7.28 s, CMnight = 20.6 ± 14.6 s; CCday = 17.6 ± 19.1 s, CCnight = 26.6 ± 24.9 s), while surface durations for LK remained similar throughout day and night (LKday = 20.7 ± 12.4 s, LKnight = 22.7 ± 13.6 s) (Supplementary Figure 5C).

DISCUSSION

The CR region in the NeGM is an important developmental foraging area for CM, LK and CC, where their distribution overlaps both in space and time. In addition, there were marked differences in the fine-scale location of hotspots and in-water behavior among species and across years in this region, with some degree of apparent habitat partitioning among species (based on sighting “hotspots”) and individuals (based on core areas of tracked turtles). This spatial partitioning is likely driven by the food preferences of each species. This is based on meso-scale observations since there is no information on the distribution and availability of prey items in the study area. Habitat partitioning can be driven by differential behavioral traits among life-stages and species (e.g., depth use, use of different resources within the same area, or the same resource at different times; Griffin and Griffin, 2003; Parra, 2006; Blumenthal et al., 2008).

All individuals displayed typical foraging behavior for the three species in nearshore foraging areas (e.g., distinctive and stable small home ranges; Mendonça, 1983; Schmid et al., 2003; Hart and Fujisaki, 2010; Rees et al., 2012). Consistently utilizing smaller areas for foraging could help maximize energy budgets (e.g., less energy spent searching) and resource exploitation (Ford, 1983). Comparisons of home range sizes with other studies were limited due to the large variability in tracking methods (e.g., radiotelemetry, active tracking, satellite tracking), data resolution (e.g., ARGOS, GPS) and home range estimators (e.g., minimum convex polygons, kernel density estimation). In a study carried out in Palm Beach along the Atlantic coast of Florida (Makowski et al., 2006), home range size of tracked juvenile green turtles (95% UD = 2.09 ± 1.80 km2; 50% UD = 0.49 ± 0.39 km2) was substantially smaller than green turtles tracked from CR in our study (95% UD = 24.3 ± 9.8 km2; 50% UD = 4.4 ± 1.3 km2), which could be attributed to differences in habitat structure and composition (e.g., algae-rich in Palm Beach vs. seagrass beds in CR). Nevertheless, in the context of foraging grounds within the Gulf of Mexico (GoM), our results support the findings of Lamont and Iverson (2018) regarding similarities in home range size between CC and CM, as well as the larger home ranges recorded for LK. One CM (ID 142708) and several LK displayed more dynamic behaviors, occasionally moving longer distances between patches. Similar behaviors have also been reported for CM, LK, and CC in the northern GoM (Lamont and Iverson, 2018), and for LK in Cedar Key (north of CR) (Schmid et al., 2003), and have been attributed to turtles potentially searching for more favorable foraging areas. Combined, the results of these studies show consistent species-specific patterns in the foraging behavior of juvenile marine turtles in nearshore coastal habitats along the eastern and northern GoM and could provide useful evidence to inform management guidelines for other areas supporting all three species along this coastline.

The habitat partitioning observed by the three species of marine turtles studied here also occurs at a broader scale along the coast of Florida. Composition of the most abundant species varies across the region, typically with a higher proportion of CC in the northeast coast (north of Cape Canaveral), CM in the southeast coast (from Brevard County to the Florida Keys), and LK in the west coast of Florida (from Ten Thousand Islands to Apalachee Bay) (Eaton et al., 2008). Contrary to the general species distribution along Florida’s nearshore habitats, our study found that CM were by far the most abundant species in the CR region (northwest coast), which can be expected given the general preference of CM to feed on algae and seagrass (Bjorndal et al., 1997) and the extensive seagrass beds in the area. In contrast, LK and CC of equivalent size are more abundant in the oyster reefs at Cedar Key (Schmid, 1998; Schmid and Barichivich, 2005), located just ∼50 km north of CR. Captures in the CR region demonstrate a spatial overlap in the distribution of immature life stages during the summer months; a similar degree of spatial overlap of the same three marine turtle species was also recently reported at two other foraging grounds (St. Joseph and St. Andrew Bays) in the northern GoM (Lamont and Iverson, 2018). Moreover, additional records of captures at CR outside our study period also include some adult CM and CC (Marine Turtle Research Ecology and Conservation Group database, Florida State University, unpublished data).

Describing the local distribution of marine species provides the first line of knowledge to understand their spatial ecology. Additional patterns in habitat use can emerge when considering their vertical movements (e.g., diving behavior) (Bestley et al., 2015). The larger range of depths utilized by tracked CM (<1–11 m) might be attributed to differences in the diving depth during day and night, which has been reported elsewhere in Florida for this species (Makowski et al., 2006); the latter could be readily addressed in future studies with the data presented herein. As for LK (depth range <1–4.5 m), our study aligns with diving patterns observed for this species in similar habitats of the NeGM, in which turtles had an overall lower movement rate compared to other regions in Florida (Schmid et al., 2002). Less is known about the diving behavior of CC in Florida waters. A study on breeding males of CC in the vicinity of Cape Canaveral (on the east coast of Florida) found that they occurred in waters on average 7.4 m deep (Arendt et al., 2012). In contrast, CC tracked in our study seemed to prefer shallower waters (depth range 1–3.5 m), which aligns with depths reported for juvenile CC in the northern GoM (Lamont and Iverson, 2018). As observed in other studies (Seminoff et al., 2002; Plot et al., 2015; Christiansen et al., 2017), CM and CC displayed an apparent shift to shallower depths during the night, while no clear patterns were depicted for LK. However, contrary to typical diving patterns described for marine turtles which tend to have lower activity levels and undertake longer dives during nighttime (e.g., Mendonça, 1983; Hays et al., 2000; Schmid et al., 2002; Christiansen et al., 2017), our results suggest that for CM and CC the submergence times were longer and surfacing durations were shorter during daytime. It is unclear whether these differences are related to a behavioral response (e.g., to high vessel traffic during recreational scalloping season) or an artifact of the sampling method (i.e., data was derived from binned data recorded by satellite tags). In this sense, larger sample sizes and studies specifically designed to depict diel patterns (e.g., employing Time Depth Recorders) would enable stronger inferences to be made on the potential drivers of this behavior and their representation for the three marine turtle species in the region. Future studies could expand on potential differences in the diving patterns during varied behaviors, such as resting, foraging or seeking for shelter (Mendonça, 1983) to better understand the habitat use by the different sympatric species.

Differences in species and individual behavior can have an effect not only on their energy expenditure, but also in their exposure and response to different threats. For all marine turtle species in the CR region, exposure to threats is likely higher during summer months when they overlap with recreational scalloping fisheries (July to September; Greenawalt-Boswell et al., 2007; Geiger et al., 2015) and commercial shrimp trawling and crab trapping (May to October; Florida Fish and Wildlife Conservation Commission Rule 68B-38.001). Bay scallops along the Gulf coast of Florida, and thus recreational scalloping fishing effort, are distributed in very shallow waters (less than 2 m depth) (Arnold et al., 1998; Greenawalt-Boswell et al., 2007) that overlap with areas typically used by marine turtles (Wildermann et al., 2018b). Recreational scalloping fisheries are extremely popular in the CR region attracting thousands of users each year (Greenawalt-Boswell et al., 2007), which leads to significant increases of vessel traffic in the area during the scallop harvest season (Wildermann et al., 2018b). High density of vessels can increase the probability of marine turtle–vessel interactions (e.g., vessel strikes; Hazel et al., 2007; Work et al., 2010), and habitat degradation through pollution (e.g., oil leaks, marine debris) and anchoring (Hallac et al., 2012), among other sources, can potentially impact food source quality and quantity. Based on the behavioral patterns estimated in this study, most CM were distributed in shallow waters where there is potentially higher exposure to marine traffic, but those CM distributed in deeper waters (up to 12 m) are less exposed to marine traffic and have more room to avoid occasional vessels. LK and CC are likely to be more vulnerable to threats related to the presence of vessels (e.g., disturbance, behavioral changes, vessel strikes) (Sobin, 2008), as they move substantially across the region and spend slightly longer periods at the surface (>20 s) in consistently shallow waters. Future studies on the cumulative and synergistic effect of this and other potential threats (e.g., hook-and-line, pot fisheries, trawl fisheries, water quality, algal blooms) on the overall health of nearshore habitats and consequently their impact on marine turtle foraging ecology could enhance effective management of threats to the local marine turtle populations.

As species listed as threatened (CC) or endangered (LK and Florida’s CM) under the Endangered Species Act, marine turtles are comprehensively protected under state and federal regulations in the United States (NMFS and USFWS, 1991, 2008; NMFS et al., 2011). Within the CR region, there is additional protection to a portion of the coastal habitats through special management zones (namely SAP and CNR; see section “Study Area”). As a National Wildlife Refuge, CNR regulations prohibit any kind of fishing activities, reducing as a result the abundance and density of vessels within the management zone (U. S. Fish and Wildlife Service, 2010). In contrast, SAP regulations allow the use of resources, including those derived from recreational fisheries, while also providing guidelines to protect the long-term health of the ecosystems and sustainability of species and habitats of concern, such as bay scallops and seagrass (Florida Department of Environmental Protection, 2017). Growing threats such as changes in water quality (related to nutrients, pollution, and environmental contaminants), increase in coastal development and fishing efforts occurring in adjacent areas might have a spillover effect into the special management zones, both directly or indirectly (Florida Department of Environmental Protection, 2017). The CR area is an important developmental habitat for multiple-species of protected marine turtles, which makes the management of existing (e.g., recreational scallop fisheries, commercial shrimp fisheries) and future threats extremely important to the area and its marine turtles. Areas where multi-species overlap might provide opportunities to maximize protection given limited resources (i.e., funds; Fuentes et al., 2016; Klein et al., 2016). Hence, areas identified here (e.g., west off the boundary between SAP and CNR, and west off southern CNR) are good candidates for further protection and investigation into the effectiveness of additional management measures to mitigate threats. Information obtained on the ecological habitat use (e.g., diving behavior) of each species provides species-specific traits that could further inform management and the development of regulations in the region.
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