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Abstract

:

Temperature is often used to infer how climate influences wildlife distributions; yet, other parameters also contribute, separately and combined, with effects varying across geographical scales. Here, we used an unoccupied aircraft system to explore how environmental parameters affect the regional distribution of the terrestrial and marine breeding habitats of threatened loggerhead sea turtles (Caretta caretta). Surveys spanned four years and ~620 km coastline of western Greece, encompassing low (<10 nests/km) to high (100–500 nests/km) density nesting areas. We recorded 2395 tracks left by turtles on beaches and 1928 turtles occupying waters adjacent to these beaches. Variation in beach track and inwater turtle densities was explained by temperature, offshore prevailing wind, and physical marine and terrestrial factors combined. The highest beach-track densities (400 tracks/km) occurred on beaches with steep slopes and higher sand temperatures, sheltered from prevailing offshore winds. The highest inwater turtle densities (270 turtles/km) occurred over submerged sandbanks, with warmer sea temperatures associated with offshore wind. Most turtles (90%) occurred over nearshore submerged sandbanks within 10 km of beaches supporting the highest track densities, showing the strong linkage between optimal marine and terrestrial environments for breeding. Our findings demonstrate the utility of UASs in surveying marine megafauna and environmental data at large scales and the importance of integrating multiple factors in climate change models to predict species distributions.
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1. Introduction


A major focus of ecological research is how environmental conditions affect the abundance and distribution of animals in both terrestrial and aquatic systems [1,2,3]. This information is frequently used to predict range shifts in species distributions and to inform management [4,5,6]. Temperature is often used as a proxy for modeling the current and future effects of climate on wildlife [7,8]. Yet, many other physical and climatic factors influence how wildlife are distributed, including precipitation, wind, habitat type, and land forms [9,10,11]. The separate and combined effects of those factors on wildlife distributions also vary with geographical scale [7,12]. Thus, it is important to identify the appropriate combinations of factors that drive the distributions and aggregation hotspots of wildlife and how these factors vary at different scales (from local to regional) to better predict distributions and optimize management strategies [3,13,14].



At the heart of assessing how the environment impacts the geographical range of species is the need for synoptic distribution surveys (i.e., broad distribution surveys over short timeframes). In some taxa, there are well-established systems for assessing distribution, such as plankton and fisheries surveys [3,15]. However, in other taxa, particularly marine mega-vertebrates, innovative technologies such as remote tracking or remote observation systems are continuously emerging and opening new opportunities [4,16]. For example, over the last 10 years, commercially available unoccupied aircraft systems (UASs) have emerged as a relatively inexpensive survey technique, facilitating the acquisition of landscape and ocean-scale information of many taxa [17,18,19]. Various studies have demonstrated the utility of this approach to capture large numbers of individuals within aggregations, in parallel to environmental information recorded on-board and from remotely sensed datasets [20,21,22]. Thus, UASs have the capacity to provide information on how marine animals are distributed in coastal environments at a variety of scales and in relation to a variety of biotic and abiotic factors [18,19].



Sea turtles are classic examples of marine mega-vertebrates that migrate from distant foraging grounds to form seasonal breeding aggregations in the vicinity of nesting beaches [23,24]. All seven species of sea turtles are considered threatened in the International Union for Conservation of Nature Red List of Threatened Species [25], with four being listed as vulnerable, two critically endangered, and one data-deficient [25]. Debate remains over the environmental and physical factors that determine the selection of nesting beaches by sea turtles and their nearshore distributions [26,27,28]. This is partly because multiple biotic and abiotic factors interact, leading to site-specific patterns. Such factors include offshore reefs, beach structure, predation, human pressure, local currents, wave action, and wind [29,30,31,32,33]. For example, sea turtles have been associated with nesting on wind-sheltered beaches at some sites [34,35,36] and wind-exposed beaches at other sites [37], with differences likely being linked to offshore (e.g., sandbanks versus reefs) and landward conditions (e.g., topography). Wind has been linked to the distribution of juvenile and adult turtles in subtropical regions [38] and the distribution of breeding sea turtles seeking optimal thermal conditions at suboptimal sites on the edge of the breeding range [30,39]. Thus, while temperature is typically used to predict the future distributions of sea turtles [32,40,41], the integration of other climatic factors might allow a more dynamic interpretation of the conditions required by a given species to enhance resilience, facilitating more informed policy decisions [12,42,43].



Here, we used UASs to explore how multiple environmental factors affect the geographical distribution of sea turtle breeding habitat, both terrestrial and marine, at a large geographical scale. Our study region was western Greece, which supports some of the highest nesting densities for loggerhead sea turtles (Caretta caretta) in the Mediterranean [44]. We hypothesized that sea turtles in the water and tracks on beaches would be widely distributed across the region but that the greatest densities would be associated with prevailing wind and optimal temperature conditions. Our results are expected to reinforce the importance of incorporating geographical scale and multiple parameters to enhance predictive models of species distributions under climate change.




2. Materials and Methods


2.1. Study Region and Species


This study was conducted in western Greece (Zakynthos Island and the Peloponnese), which is situated in the Ionian Sea of the Mediterranean Sea (Figure 1). The Ionian Region encompasses at least 30 NATURA 2000 marine habitats [45], of which nine fall within our study area (Supplementary Materials Figure S1), including two managed national parks (National Marine Park of Zakynthos and Kotychi–Strofylia Wetlands National Park). In the Mediterranean, loggerhead sea turtles were recently listed as of least concern in the IUCN Red List of Threatened Species [46], due to positive trends in nest counts through focused conservation effort over the last 2–3 decades [44]. The study region encompasses a number of diffuse (<20 nests/season) to moderate rookeries (20–100 nests/season), and three major rookeries (>100 nests/season) where loggerhead sea turtles aggregate. The three major rookeries include Zakynthos (Laganas Bay; 1244 nests/season), the southern part of Kyparissiakos Bay (621 nests/season), and Lakonikos Bay (197 nests/season) [47] (Figure 1), representing 59% and 29% of nesting activity per season in Greece and the Mediterranean, respectively [47]. This region is at the latitudinal limits of the breeding range for loggerhead turtles globally [44,48]. Consequently, there is a very narrow window of opportunity for breeding [32,49,50], with temperature constraining the rate of egg maturation in females occupying coastal waters before each nesting event [51,52] and the viable incubation period of clutches on beaches [53]. Based on published data from Zakynthos Island, mating activity generally peaks in late April to mid-May, with females generally nesting from late May to early August, with peak nesting activity occurring in late June to early July [54]. Males generally depart the breeding grounds for foraging grounds (up to 1000 km distance) in late May, while females generally depart in early August, and they remigrate to breed at 1–2 and 1–3 year intervals, respectively [54].




2.2. UAS Surveys and Data Processing


Between 2016 and 2019, inwater UAS surveys were conducted along ~620 km coastline of the western Peloponnese (Kato Korogona, 36°38′ N, 22°52′ E; to Kalogria, 38°09′ N, 21°21′ E) and Zakynthos Island (37°41′ N, 20°52′ E to 37°44′ N, 20°55′ E). The UAS was flown in accessible areas generally fronting sandy beaches. In 2019, UAS surveys were conducted systematically across the entire region in May, which represented the key mating period of sea turtles [54,55], and late June/early July, which represented the peak nesting period of female turtles [54]. During the second survey period, beaches were also surveyed for evidence of the tracks of turtles. A DJI Phantom 3 Professional™ (Shenzhen, China; http://www.dji.com; accessed on 18 November 2021) UAS was flown at 60 m altitude (allowing a 100 m wide field of view), with 100 m intervals up to 400 m offshore (Figure 2c). We previously confirmed <2% error rate by independent observers for this altitude in our study region, with it being possible to detect sea turtles to seabed depths <7 m (with all surveys being conducted within this seabed depth range) and distinguish adults and juveniles [55]. Data were recorded in video format (3840 × 2160 pixels). All data were extracted using web-based software (AirData UAV™). For additional details, see [55].



The longitude and latitude of each turtle in the marine area were recorded [56]. Mating pairs were counted as a single datapoint. Beach survey footage was reviewed to document the tracks left by turtles on beaches. The density of tracks was calculated and validated against published information on nesting effort in the region [47,57] (Supplementary Materials Figure S1). To evaluate beach topography and slope, digital elevation models (DEMs) were created from drone imagery of the surveyed beaches using Agisoft Metashape Professional photogrammetry software [58]. Beach slope was defined as the elevation over the width of the beach in meters. Beach elevation was the increase in elevation of the beach from the water line until it stabilized and was measured at 100 m intervals along the beach (excluding the first and last 100 m) [57,59]. The Terrain Profile tool (Profile Tool plugin) in QGIS [60] was used. Coastline type (e.g., sandy beach) and substrate were determined from offshore and beach surveys and were validated with satellite imagery in Google Earth.




2.3. Temperature Records


HOBO TidbiT v2 UTBI-001 Data Loggers (Onset Computer Corp., Bourne, MA, USA) were used to monitor sea and sand temperature across the region. Loggers were placed in the sea (n = 16) and on the beach (n = 16) at regular intervals along the entire survey region, ensuring a mixture of no, diffuse, moderate, and high nested beaches were monitored for comparison. On beaches, loggers were placed at 50 cm depth, to reflect typical nest depth and at 1 m below the vegetation line to allow comparison across sites [61]. All inwater loggers were placed at 1 m below the sea surface at 3 m seabed depths to reflect the sea temperature experienced by a sea turtle in this region [29]. All loggers were set to record temperature at 15 min intervals. Validation experiments showed that all instruments consistently recorded the temperature to within 0.08 °C of one another. To complement the inwater loggers and confirm their representativeness, we also used Copernicus L4 Skin Sea Surface Temperature (SST) data [62]. These data are derived from night-time images collected by the Sentinel-3 satellite and are processed for initial quality and again to interpolate the data at ultra-high spatial resolution (0.01°). Mean monthly SST data were calculated in QGIS using daily L4 SST rasters and extracted from closest raster cell to the survey site. We found that empirical and SST datasets exhibited similar trends, but that SST was consistently 1.5–2 °C lower than field records, which was attributed to SST only being recorded at night. Bathymetry and land contours were extracted from raster data from the ETOPO1 Global Relief Model [63], and GADM shapefiles [64] were used for land masses.




2.4. Wind and Temperature Effects


Existing studies in the central Mediterranean basin (Ionian and Adriatic seas) have demonstrated that historical offshore prevailing winds over the last 40 years were north-west winds of intermediate speeds (20.5 km/h); however, while this trend is predicted to continue into the future (to 2100), direction and speed will become more variable [65,66,67]. We examined how changes to wind direction and speed would impact the location of sea turtle breeding areas, using Kyparissiakos Bay as a case study. Kyparissiakos Bay was selected because the 73 km coastline is primarily lined by sandy beaches and submerged sandbanks, but with 90% of sea turtles and nesting effort being primarily concentrated along a section of less than 10 km in the southern part of the bay at present. Using windy.com (accessed on 18 November 2021) [68], we collected records of wind direction and speed at 3 h intervals from 1 May to 30 September 2020. This resource was used in preference to other wind databases as it provided fine-scale wind patterns and sheltering effects. For each time interval, we recorded the prevailing offshore wind direction and wind speed (km/h using the website’s groupings of 0–10, 10–20, 20–35, and 35+), and the positioning of sheltered sections along the coastline. We used the E.U. Copernicus Marine Service Information L4 SST dataset [62] to obtain fine-scale sea surface temperature for the same period. We used this information to predict the optimal positioning of nesting sites for each wind direction and changes to wind exposure, as well as SST.




2.5. Statistical Analysis


We used Shapiro–Wilk tests to examine whether sand and sea temperature followed a normal distribution. As both followed a normal distribution, we used repeated measures ANOVA to investigate how sand and sea temperature associations changed over the three-month period (May, June, and July) in relation to the density of turtle tracks recorded for each site. We used the Mann–Whitney U test to determine if track density was linked to different beach parameters and location of sheltered areas. We used the Raleigh Test of Uniformity to evaluate the uniformity of wind direction. We used the Watson–Wheeler test for homogeneity to evaluate whether certain areas were consistently sheltered from the same wind direction, and Watson’s Two-Sample Test of Homogeneity to compare across areas (pairwise comparison). We used repeated measures ANOVA to investigate how changes to mean daily sea temperature were associated with beaches that were sheltered and exposed to the prevailing NW wind and submerged sandbanks. Lastly, we performed a variance component analysis (VCA) to determine the proportion of variation in track density and inwater turtle density contributed by the different abiotic factors recorded. The variables examined included air temperature, sea temperature, beach slope, beach orientation, sea surface temperature, site proximity to sandbanks, seabed substrate, prevailing wind direction, and the direction of wind from which each site was sheltered.





3. Results


Drone surveys of the marine and beach area captured 319 km coastline, from April to early July of 2016–2019, documenting 1928 location points of sea turtles. Beach surveys captured 70 km coastal beaches, with 2395 tracks of turtles being recorded.



3.1. Regional Distribution of Sea Turtles and Nests


Regional surveys demonstrated that inwater turtles were not evenly distributed along the coastline (Figure 2a,b), with this pattern being consistent over the peak mating and nesting periods. In parallel, the number of turtle tracks recorded on beaches was not evenly distributed along the coastline, with the greatest densities of inwater and beach track turtles occurring in similar areas.



In the sea, 90% of turtles were found over submerged sandbanks, of which 89% were within 10 km of the areas with highest track density (F1,52 = 21.53, r2 = 0.28, p < 0.01) (Figure 2a). Laganas Bay (Zakynthos), southern Kyparissiakos Bay and north Lakonikos Bay had maximum inwater turtle densities of 273, 172, and 63 turtles/km, respectively, and maximum beach track densities of 227, 172, and 64 tracks/km (Figure 2a). Turtles in Kyparissiakos Bay aggregated directly in the waters in front of the major nesting area; however, at Laganas Bay (Zakynthos) and Lakonikos Bay, the major nesting sites were fronted by reefs, with turtles aggregating over shallow submerged sandbanks in adjacent areas (<10 km distant).




3.2. Inwater Turtle and Beach Track Densities Related to Temperature and Beach Slope


Beach slope was positively associated with beach track density, with nesting primarily occurring on beaches with slopes >1 m (Figure 3a; F1,28 = 9, r2 = 0.24, p < 0.04). Sand temperature was significantly associated with beach track density (F2,46 = 18, r2 = 0.7, p < 0.01), with time (month) having a significant effect (F2,46 = 121, r2 = 0.65, p < 0.01) (Figure 3b). Sea temperature was significantly associated with inwater turtle density (F1,35 = 11.611, r2 = 0.7, p < 0.01), with month having a significant effect (F2,35 = 139, r2 = 0.75, p < 0.01) (Figure 3c). These trends were corroborated when using SST data, but to a lesser extent (data not shown), due to night-time temperature values. VCA analysis showed that variance in both beach track density and inwater turtle density were primarily explained by June temperatures (SST and sand) and prevailing wind exposure (combined contribution of 78% and 48%, respectively), with beach slope also contributing to explaining track density (9%).




3.3. Rookery Locations Versus Wind and Sea Temperature


Of the 1224 offshore wind records, NW–N wind types prevailed (79% of all winds), with all remaining winds representing <6% records each. Coastal areas were sheltered from 0–10 km speeds of all offshore wind types, 10–35 km winds provided some sheltering depending on landmasses (islands) and topography, and there was no shelter from 35+ km/h speeds. Beaches sheltered from the prevailing offshore NW wind had significantly more tracks than exposed beaches (Mann–Whitney U test, W = 125; p < 0.01). Taking the example of Kyparissiakos Bay (Figure 4), we confirmed that different sections of the bay were sheltered depending on offshore wind direction (Watson–Wheeler test = 238.87; p < 0.01). SST was highest in the area sheltered from the prevailing offshore wind in Kyparissiakos Bay (Figure 4a,b) and was also strongly associated with nearshore submerged sandbanks at the regional scale (located within 10 km of beaches with the highest track density, see Section 3.2) (F1,46 = 83.106, p < 0.01), demonstrating the interaction of multiple parameters. In Kyparissiakos Bay, shelter from north-type winds was highest at both 10–20 and 20–35 km/h (46–76% and 34–36%, respectively), predominantly in the mid-lower areas (where turtle track density is currently highest). In contrast, only the southernmost part of the bay was sheltered from south-type winds, with lower and more varied effects (9–48% and 0–38%, respectively). Thus, if wind types other than NW–N gain frequency across the study region, the distribution of areas with high beach track densities would change (Figure 4c). For instance, Kotychi lagoon on the north coast of the Peloponnese currently has low nest densities under prevailing N–NW type winds, which might increase if prevailing winds shift to a south-type direction, from which the site would be sheltered.





4. Discussion


Through integrating UAS technology with remote sensing data, this study demonstrates how sea turtle breeding habitats on land and in the sea are linked by a variety of climatic and physical factors. We also demonstrate the capacity of UAS to evaluate sea turtle distributions (animals and their tracks) at varying scales, covering an entire region. In particular, June temperatures and exposure to offshore prevailing wind were indicators of current high-density breeding sites and could be used to inform future distributions. Submerged sandbanks in the water and beach slopes >1 m were also important factors associated with high inwater and beach track turtle densities. Our findings demonstrate that UAS technology can be effectively used to survey marine megafauna in relation to environmental data at large scales and could enhance predictions of the spatial responses of species to climate change and future marine protected area (MPA) delineations.



The geographical scale of our study allowed us to examine the suitability of a suite of sites supporting different environments and turtle/track densities. The use of big datasets and upscaling the geographical ranges of studies is being increasingly implemented to elucidate the ecology and management needs of wildlife [69,70]. Through evaluating animals and their environment at different scales, studies are increasingly showing that the strength of the effect of the same parameters differs depending on geographical scale, with many examples now emerging in the terrestrial environment [71,72]. For example, at the local scale in coastal dune communities, species composition is primarily driven by disturbance through sand burial, whereas at the regional scale, it is driven by a combination of wind, solar radiation, nutrients, and humidity, among other factors. Similar examples are also beginning to emerge in the marine environment [73,74,75]. For example, in intertidal ecosystems, while distributions of mussels and barnacles at local scales are mostly explained by wave splash, temperature and desiccation become more important as spatial scale increases [74]. The breeding habitat of sea turtles is unique compared to many wildlife, as it traverses both marine and terrestrial areas, with optimal conditions for breeding being required in both environments [26,30,76]. For instance, in the marine environment, sea temperature regulates the time females need to mature eggs before each nesting event [51,77,78], while on land, beach temperature regulates the development, survival, and sex of offspring [79,80]. Without evaluating how wildlife and associated habitats are distributed at relatively large scales, the connection between nesting and inwater areas would be missed.



We expected temperature to constrain the distribution of sea turtle breeding habitat, because our study region is on the edge of the breeding range for loggerhead turtles [30,48]. However, we demonstrated that, while both air and sea temperature were correlated with the distributions of sea turtles in the water and their tracks on beaches, other factors were also important. For instance, we showed that the highest inwater densities of turtles occurred within 10 km of beaches with the highest track densities. Where nesting beaches with the highest track density were fronted with submerged sandbanks, turtles were found in waters directly in front, supporting other studies [81,82]; however, where beaches with high track density were fronted with reefs, turtles were found in the nearest areas with submerged sandbanks, also supporting other studies [54,83,84]. This phenomenon might be explained by sandbanks retaining warmer temperatures better than reefs [85] but might also be associated with how winds and sea currents cause warm water to build alongshore [86,87,88]. There is a wealth of literature demonstrating how wildlife use wind to locate optimal thermal conditions in the marine environment (e.g., albatrosses, cetaceans, and penguins) [89,90,91], with sea turtles being no exception [30,52,92,93]. Sea temperature is actually influenced by many factors, including latitude, sea currents, wind, substrate, and other factors [94,95], while sand temperature is influenced by beach slope, the water table, and vegetation [96,97]. To overcome these multiple contributors, previous studies predicted the future distribution of sea turtle nesting sites, using air temperature as a proxy for climate adjusted predictions to be threshold-dependent [32,41], with similar approaches being used for other wildlife [9,90,98]. Furthermore, studies of marine, avian, and terrestrial wildlife are increasingly incorporating the effects of various climate and physical parameters (usually in combination) on distributions during breeding, foraging, and migration (e.g., albatrosses, cetaceans, and chipmunks) [89,99,100]. Our study highlighted the utility of UASs in coupling information on animals with the surrounding environment and could be used to enhance species distribution models and improve the placement of current and future protected areas [101,102,103].



We found that, while nesting activity was recorded throughout the entire region, the highest track densities occurred in areas that were generally sheltered from the offshore prevailing winds during summer. This spread of activity supports previous site-specific studies documenting sea turtles nesting on both wind-sheltered [34,35,36] and wind-exposed [37] beaches. However, our regional scale study allowed us to evaluate the factors driving this variation in relation to the relative densities of tracks under different physical conditions. Wind-sheltered beaches during the breeding period are logically more stable than wind-exposed beaches, which is important when considering that clutches incubate for around two months. Such areas of higher stability are predicted to be associated with higher fidelity [104], which, in the case of sea turtles, and combined with the effect of natal homing of offspring, would be associated with higher nesting densities [61,105]. In our study region, these areas also had steeper beach slopes and water and sand temperatures, similar to previous studies [61,76,105], which would lead to much greater female-biased offspring production, due to higher sand temperatures [79,106]. Thus, sites with lower track densities in our study might also reflect key zones for current protection as possible areas with greater male offspring production [53,107] but also for future protection, in the event of any changes to current prevailing winds [66,67,108]. While the offshore prevailing wind (north-westerly) in the Ionian region of the Mediterranean (our study region) has remained constant during summer over the last 40 years (1979 to date), intensification of wind speed and associated wave and storm surge events are predicted in the future [66,67]. This could be further compounded by the intensification of prevailing winds in the Aegean, which would increase the frequency of east-type winds (NE, E, and SE) [65]. Thus, wind patterns (direction, speed, and surge) should be consistently monitored with sea parameters (temperature and substrate) and beach parameters (temperature and slope) to anticipate potential impacts to nesting sites and implement appropriate responses.



Most nesting areas in our study region currently occur within unmanaged protected areas (i.e., Natura 2000 habitats; Supplementary Materials Figure S2). While the two major nesting sites are under the management of two national parks (e.g., National Marine Park of Zakynthos and Kotychi–Strofylia Wetlands National Park that also encompasses Kyparissiakos Bay; Supplementary Materials Figure S2), active management is limited to Zakynthos and the low-density nesting area fronting Kotychi–Strofylia Wetlands, currently excluding the growing breeding population in the southern part of Kyparissiakos Bay. Furthermore, the inwater habitats (shallow submerged sandbank areas) used by turtles in the northwest of Lakonikos Bay lack protection, despite fronting intermediate-density nesting beaches, while the beaches and marine area used by turtles in north Kalamata Bay are noticeably lacking protection (Supplementary Materials Figure S2). Our study reinforces the importance for policy decisions on the placement of protected areas considering both the current and potential future habitat needs of wildlife [4,109,110]. However, to accomplish this, the implementation of long-term monitoring programs at large scales and in relation to multiple biotic and abiotic variables are required, with UASs and remote sensing databases representing viable cost-effective tools [90,111,112,113]. Our surveys were based on data assimilated in a single year but supported by intermittent surveys across sites in preceding years and published data; thus, regular surveys (i.e., at key points across seasons) at this scale conducted over the long-term are expected to provide insights into inter-annual variability and, potentially, shifts in distributions and aggregation hotspots. Ultimately, the key combinations of variables driving current distributions of wildlife and how they might change in the future must be identified and evaluated [9,114], rather than just using temperature as a proxy for climate and physical factors as a whole, with this issue existing across plant and animal taxa [7,8].




5. Conclusions


This study showed that multiple environmental parameters influence the breeding distribution of sea turtles, with marine and terrestrial conditions being strongly interlinked. Through combining UAS technology, field data, and remotely sensed data, we were able to survey marine megafauna and environmental data in synchrony at large scales and under different real scenarios. Regional scale monitoring could provide a way of linking site-based monitoring efforts and evaluating their relative contributions both in the present (i.e., lower density nesting areas might produce more males, increasing value) and future (i.e., current low density nesting areas might become optimal in the future under certain environmental scenarios) [115,116,117]. In conclusion, UASs combined with remote sensing tools provide a powerful tool to inform the predictions and models on which protected area management and policy are based.
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The following are available online at https://www.mdpi.com/article/10.3390/drones5040142/s1, Supplementary Materials Figure S1: Relationship (logarithmic) between the relative density of turtle tracks/km on surveyed beaches during the peak nesting period (20 June to 10 July; Schofield et al., 2013) that correspond with the maximum density of nests/km based on published data [47] (F1,35 = 21.25, r2 = 0.58, p < 0.001), Supplementary Materials Figure S2: (a) Map of western Greece showing the density of loggerhead sea turtles (Caretta caretta) [see Figure 2]. Green lines represent designated protected areas. Track data were corroborated with existing nest data at intermediate to major nesting sites (see Supplementary Materials Figure S1).
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Figure 1. Map showing the study region in western Greece and its location within the Mediterranean Sea (inset). Natura 2000 habitats are delineated in green; the National Marine Park of Zakynthos is the only managed MPA within our study area and is also a Natura 2000 habitat. Isobaths are delineated at 300 m intervals; topographic contours are delineated at 100 m intervals. 
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Figure 2. (a) Western Greece showing the density of loggerhead sea turtles (Caretta caretta) in the nearshore waters (turtles/km, outer squares) and turtle tracks on beaches (tracks/km, inner squares) based on UAS surveys conducted between 2016 and 2019. Each inwater square represents a composite 2 km stretch of shoreline by 400 m offshore to present data at a scale for viewing visually. Track data were corroborated with published data on nesting activity (see Section 2.2). (b) Example showing the distribution of loggerhead sea turtles (red dots) in the nearshore area along a 19 km section of coastline. Topographic contours are delineated at 50 m intervals. (c) Snapshot of seven loggerhead sea turtles (Caretta caretta) (inside white circles) captured along the path of one UAS survey conducted at 60 m altitude (large white circle: 5× enlarged image of one turtle). 
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Figure 3. Associations detected between: (a) beach slope and turtle track density at each surveyed site (tracks/km); (b) mean sand temperature (°C) and turtle track density at each surveyed site (tracks/km); and (c) mean sea temperature and in-water turtle density at each surveyed site (turtles/km). Track density and turtle density reflect the maximum track/turtle density recorded at each surveyed site during the peak nesting period (May = grey circles; June = dark grey triangles; July = black squares). 
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Figure 4. Examples of (a) offshore prevailing NW wind with sheltered area (purple shading; source: windy.com; accessed on 24 November 2021) and (b) skin sea surface temperature [62] in Kyparissiakos Bay, Greece, on 27 June 2020. (c) Distribution and frequency of sheltered sites for the eight key wind directions (e.g., N, NE, E, etc.) from May to September 2020. The circles represent 10–20 (striped fill) and 20–35 km/h (solid fill) winds, with 10% increments in size ranging from 1–10% circles to 71–80% circles. 
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