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Nest beach selection by sea turtles at a regional scale may depend on upper shore environmental cues. Thus, the variability of sandy beach conditions, including coastal erosion rates and urban development can affect their nesting ecology. Almost half of worldwide sandy beaches are suffering from erosion and most of them are located in highly developed areas. This can lead to shore stretches with coastal squeeze and loss of habitat for beach-dependent species such as sea turtles. Understanding whether an endangered species, such as the loggerhead sea turtle Caretta caretta (Linnaeus, 1758), selects certain beaches to nest is the first step in devising mitigation strategies for human activities and climate change impacts. We predicted that the occurrence of loggerhead nests along 62 km of sandy beaches in southeastern Brazil is negatively related to higher urbanization levels and extreme erosion. A total of 731 nests of the loggerhead sea turtle were recorded in the 2022-2023 nesting season. Only 6% of those nests were found on beach sectors with severe and extreme erosion. The probability of laying a nest was negatively related to erosion rate. Also, approximately 50% of nests were found on low-urbanized beaches; thus, the higher the urbanization, the lower the probability of a turtle laying a nest. Nature-based solutions to recover the beach-dune system are recommended in order to mitigate coastal erosion where loggerheads are avoiding nesting. This should be coupled with management planning of the protected areas where nests are laid and must include nest relocation and monitoring as priority actions.
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1 Introduction

Loggerhead sea turtles Caretta caretta (Linnaeus, 1758) undertake transoceanic migrations during their life cycle, and return to their emergence region for nesting after spending years in distant foraging grounds (Reis et al., 2010; Baltazar-Soares et al., 2020). Sea turtle species use multiple cues to navigate, relying on a “magnetic map” for long-distance movements (geomagnetic imprinting hypothesis) and then relying on local signals to pinpoint specific nesting areas (Lohmann and Lohmann, 2019). Although females return to nest within the geographic region of their natal sandy beach (“natal homing”), they may select different nest sites spanning a few hundred kilometers along coastlines (Bjorndal et al., 1983; Bowen et al., 1993; Patino-Martinez et al., 2023). Thus, the variability of sandy beach conditions in the aforementioned scale certainly drives nest site selection in loggerhead sea turtles (Weishampel et al., 2016; Hatase and Omuta, 2018; Patino-Martinez et al., 2023).

Nest site selection has long been one of the main cornerstones of research on the ecology of sea turtles (Miller et al., 2003). As they do not have parental care, nest site selection at different spatial scales is consensually decisive for embryo development, hatchling survival, and reproductive success (Serafini et al., 2009; Hatase and Omuta, 2018; Patino-Martinez et al., 2023). The nesting behavior of sea turtles can be divided into beach selection, emergence of the female, and nest placement (Wood and Bjorndal, 2000). The factors that determine nest placement at fine scales are well-known and represent favorable microhabitats for hatchling success (Miller et al., 2003). In general, female loggerhead sea turtles nest in sparsely vegetated areas with higher elevation (Serafini et al., 2009; Turkozan et al., 2011; Hatase and Omuta, 2018; Patino-Martinez et al., 2023). They usually select the middle of the beach, minimizing the risk of nest flooding close to the tideline, intrusion of plant roots that entangle hatchlings, desiccation, and predation in densely vegetated zones upper shore (Allen et al., 2001; Fujisaki et al., 2018; Martins et al., 2022).

Beach selection and emergence of the female probably depend on shore signals and beach characteristics rather than a magnetic map (Wood and Bjorndal, 2000). The local and landscape features that drive these phases of habitat selection are however controversial. Some authors have found higher nest densities on wider beaches, arguing that they provide more diverse and favorable microhabitats (Mazaris et al., 2006; Hatase and Omuta, 2018). Oppositely, Kikukawa et al. (1999) found that the loggerhead sea turtle selected mainly narrower beaches, although distance to urban settlements was the main predictor of nest abundance. Indeed, anthropogenic factors such as coastal development, artificial light, human-made barriers to movement, human presence, and seawalls have been reported to negatively affect the beach selection by the loggerhead sea turtle (Rizkalla and Savage, 2011; Weishampel et al., 2016; de la Esperanza et al., 2017; Siqueira-Silva et al., 2020). An example is the false crawl, when a sea turtle comes ashore laden with eggs but turns around without nesting, usually because of unfavorable conditions (Miller et al., 2003). The results are not unanimous and other studies did not find negative effects of human stressors on beach selection by the loggerhead sea turtle (Kelly et al., 2017; Stanley et al., 2020).

Although erosion is a natural phenomenon inherent to coastal dynamics, it has been intensified by human activities mainly because of the advance of infrastructure towards the sea and the suppression of dunes and coastal vegetation. The increasing rates of urban development and supporting infrastructure impair the capacity of sandy beaches to provide coastal protection. Coastal infrastructure prevents landward migration of beaches, especially when facing sea-level rise, storms, and flooding events (Almar et al., 2021). Vousdoukas et al. (2020) forecast that coastal retreat might result in a loss of almost half of the world’s sandy beaches by the end of the century. Simultaneously, only 15% of the world’s coastal areas remain undisturbed by human activities (Williams et al., 2021). This imminent and widespread “coastal squeeze” is culminating in the loss of habitat for beach-dependent species such as sea turtles (Mazaris et al., 2009).

As a response from the scientific community, studies assessing the effects of sea-level rise and erosion in sea turtle nesting habitat have emerged. Most of them have modeled how nesting habitat will likely be lost within scenarios of sea-level rise (Fish et al., 2008; Fuentes et al., 2010; Varela et al., 2019; Veelenturf et al., 2020; Sönmez et al., 2021). However, few studies have verified whether current erosion scenarios have already affected the distribution of nests along sandy coasts (Witherington et al., 2009; Spanier, 2010). None of them explicitly measured historical shoreline displacement, and their correlative studies rely on very dynamic short-term erosion proxies such as beach slope and width.

Successful conservation efforts rely upon the ability of managers to understand current threats, and quantify and mitigate them to threatened species. One of the first steps in devising mitigation strategies for human activities and climate change impacts is to understand which are the habitat requirements of endangered species, such as the loggerhead turtle (globally “Vulnerable” according to IUCN, 2022), to ensure they thrive in viable populations. Herein, we aimed to test whether the probability of finding loggerhead sea turtle nests is affected by coastal erosion and urban development along 62 km of coast in one of the most important loggerhead turtle nesting areas in Brazil. To our knowledge, this is the first study that simultaneously evaluated the effect of erosion and urbanization on the frequency of sea turtles nesting on sandy beaches using raster-based predictor variables. We hypothesized that the occurrence of nests is negatively related to higher urbanization levels and extreme erosion rates.




2 Materials and methods



2.1 Study area

Loggerhead sea turtle nests were monitored in the north of Rio de Janeiro state, Southeastern Brazil (Figure 1). This area represents one of the most important loggerhead turtle nesting sites (~20% of all loggerhead nesting) along the Brazilian coast (Marcovaldi and Chaloupka, 2007). In this region, the installation of Açu Port-Industrial Complex (PIC) in 2007 boosted a rapid process of urbanization and economic, social, aesthetic, and environmental changes (Neves et al., 2022). Açu PIC stands out as the largest private port-industry complex in Latin America, comprising a total area of 130 km2 with 90 km2 of retro-area for installation of industries and companies (Neves et al., 2022). Due to its size and impact on the environment, Açú PIC, as part of an environmental compensation, supports the regional monitoring of sea turtles carried out by the Tamar Project Foundation (FPT), the largest and most successful sea turtle conservation program in Brazil. The monitoring program is coordinated by Caruara Reserve with the support of the Açú Pic companies, while the FPT carries out the monitoring activities.




Figure 1 | Map of the study area showing the distribution of the loggerhead sea turtle nests (2022/2023 nesting season) along 62 km of sandy beaches. HMc, Human modification metric.



The morphology of the continental shelf of the north of Rio de Janeiro state interferes with the wave propagation pattern, resulting in several beaches with different physical characteristics on a regional scale (Alves et al., 2018). An unconsolidated sandy cape (Cape of São Thomé) marks the transition between regressive barriers to the north and transgressive barriers to the south (Oliveira et al., 2016; Alves et al., 2018). Southward of the cape, sandy barriers are exposed to storm waves and overwash processes that promote the migration of this feature toward the mainland. Oppositely, northward sandy barriers typically have progradation features influenced by recent fluvial sedimentation (Alves et al., 2018).

In the region, beach morphodynamics undergoes high volumetric variation in response to waves, winds, and tides, creating morphological instability with a tendency toward erosion in certain areas. A coastal segment of about 4 km in length located immediately southward from the Paraíba do Sul River mouth (where sea turtle nests are also monitored) has experienced a dramatic erosion rate (up to 5.4 m/year); this has been related to the reduction of river sediment and water discharge due to the construction of dams, groins and jetties, and retention of sand in the lower estuary (Muehe et al., 2010). In this area (named Atafona village), coastal erosion destroyed more than 200 buildings between 1975 and 2016 (Lämmle et al., 2022). On the other hand, northward of Atafona, sedimentary accretion culminates in the progradation of various beaches. Thus, along the 62 km of monitored loggerhead turtle nesting areas, there are urban, peri-urban, and rural beaches, as well as sandy beaches with erosion and accretion dynamics and variable morphodynamics.




2.2 Nest monitoring

The sea turtle monitoring program is coordinated by the Caruara Reserve and supported by Açú Pic companies. The dataset was then provided by the Caruara Reserve for this study of nesting habitat selection. The FPT carried out (as a technical-scientific consultant) the monitoring in the last two nesting seasons.

The loggerhead turtle nesting season begins in September of one year and ends in March of the following year. Daily morning patrols (06:00 to 9:00) took place along 62 km of beach during the entire 2022-2023 nesting season. Once each turtle crawl site is located, the nest is identified and marked by a wood stake. Both nests of the loggerhead sea turtle and detected false crawls (i.e., crawls that do not result in nesting) were georeferenced. Monitoring was done using an off-road vehicle and followed the FIC-ICMBIO patrolling protocol (ICMBIO, 2018).




2.3 Urbanization

The urbanization level surrounding each nest was estimated by the HMc - Human Modification Metric (Kennedy et al., 2019). The HMc measures the degree of human modification across georeferenced lands calculated as the per-pixel product (HMs) of the spatial extent and the expected intensity of impacts including human population density, build-up areas, croplands, livestock, roads, mining, oil wells, wind turbines, and night-time lights through satellite imagery (raster data with 1,000 m resolution). The final HMc value is calculated as:

	

This fuzzy sum is a function that assumes that the contribution of a given factor decreases as other stressors co-occur. HMc is a continuous gradient of modification ranging from 0 to 1. The HMc values were obtained from the geographic coordinates of each nest at a resolution of 1,000 m using the packages “raster” (Hijmans, 2020) and “rgdal” (Bivand et al., 2021) in R software. This spatial resolution (1,000 m) was chosen because it is closely related to the categorical classification of the level of human disturbance on beaches at local scales (Barboza et al., 2021).



2.3.1 Erosion rates

Coastline displacement data from a global study covering a 32-year period (1984-2016, Luijendijk et al., 2018) was extracted for the study area at 500-meter intervals. This allowed the identification of segments undergoing change rates in accretion (above 0.5m/year), stability (between -0.5 and 0.5 m/year), and erosion (below -0.5 m/year). Negative coastline displacement (erosion) data were further classified into weak erosion (rates between -0.5 and -1.0 m/year), intense erosion (between -1 and -3 m/year), severe erosion (between -3 and -5 m/year), and extreme erosion (above -5 m/year). These data were interpolated using the natural neighbor method to create a raster, enabling an analysis of erosion trends across the study area. Similar to HMc, the coastline displacement values were gathered using the package “raster” in R Software.





2.4 Data analysis

A data matrix containing the location of all nests, HMc, and coastal displacement values was used to build generalized linear models (GLMs) with binomial distribution. Separate GLMs were employed to test whether the presence of nests and false crawls of the loggerhead sea turtle along 62 km of beach are impacted by urbanization level and erosion rate. Nest presence (1), false crawls occurrence (1), and random points (0) were the response variables included in the GLMs, whilst “HMc” and “erosion rate” were tested as predictor variables. The presence of collinearity on predictors was assessed by the variance inflation factor (VIF) using a threshold of VIF ≥ 3 for variable exclusion, but no variable was removed. For the random points (0), HMc and erosion rate values were randomly generated, considering the intervals between the maximum (erosion rate= 4.64; HMc= 0.78) and minimum values (erosion rate= -7.28; HMc= 0.20) of each variable as limits. We decided to randomly generate predictor variables instead of drawing beach sectors to calculate HMc and erosion rates because most of the monitored area still has nests; thus, the variability of the predictors in the “0” treatments would be biased. Apart from models, we randomly selected 731 stretches of beach without nests to further verify the coastal displacement tendency in these areas. The analysis was performed in R software.





3 Results



3.1 Nest beach selection

A total of 731 nests of the loggerhead sea turtle were reported in the 2022-2023 nesting season (between September 2022 and March 2023) in the study area. Only 6% of nests were found on beach sectors with severe and extreme erosion (Figure 2A); among beach sectors without turtle nests (n= 731 random sectors), ~41% are under severe and extreme erosion (Figure 2B). Approximately 55% of nests were found in beach sectors under stability or accretion, and 34% were found in sectors with intense erosion (Figure 2A). The probability of finding a nest was significantly related to the erosion rate (z= 4.681, p< 0.0001). The higher the erosion rate (more negative coastal displacement) the lower the probability of finding a nest (Figure 3A).




Figure 2 | Percentage of beaches with nests (A) and without nests (B) within the different erosion categories. ACRE, accretion (above 0.5 m/year); STA, stability (between -0.5 and 0.5 m/year); ERO, weak erosion (between -0.5 and -1.0 m/year); INT, intense erosion (between -1 and -3 m/year); SEVE, severe erosion (between -3 and -5 m/year); EXTR, extreme erosion (above -5 m/year).






Figure 3 | Probability of finding a loggerhead turtle nest along 62 km of beaches in the north of Rio de Janeiro state as a function of coastal displacement trends (A) and urbanization level (1,000 m spatial resolution). The solid red line represents the binomial generalized linear model (GLM). The top bars represent the number of beaches with nests under different conditions of erosion (A) and urbanization (B); the bottom bars represent random values for both of the aforementioned independent variables. The vertical lines in panel A represent erosion rating limits; from left to right: extreme erosion (dark red), severe erosion (light red); intense erosion (orange), stability (green), and accretion (blue).



The binomial GLM also evidenced a negative effect of HMc in the probability of finding a nest on the beaches, although with a lower magnitude than the effect of erosion rates (z= -3.524, p= 0.0004) (Figure 3B). Nearly half of the nests (54%) were laid on beaches with HMc lower than 0.5 (Figure 3B).




Figure 4 | Probability of occurring a sea turtle false crawl along 62 km of beaches in the north of Rio de Janeiro state as a function of coastal displacement trends (A) and urbanization level (1,000 m spatial resolution). The solid red line represents the binomial generalized linear model (GLM). The top bars represent the number of beaches with nests under different conditions of erosion (A) and urbanization (B); the bottom bars represent random values for both of the aforementioned independent variables. The vertical lines in figure A represent erosion rating limits; from left to right: extreme erosion (dark red), severe erosion (light red); intense erosion (orange), stability (green), and accretion (blue).






3.2 False crawls

A total of 528 false crawls of sea turtles were reported in the 2022-2023 nesting season in the study area. False crawls followed the same trend of loggerhead nesting regarding beach erosion, being more frequent in beach sectors without severe and extreme erosion (Figure 4A). Thus, binomial GLM showed that the lower the erosion rate (z= 3.945, p< 0.0001), the higher the probability of occurring a sea turtle false crawl. On the other hand, false crawls were more frequent on beaches with HMc higher than 0.5 (~58%), opposite to the nesting pattern (Figure 4B). Thus, the higher the urbanization level, the higher the probability of occurring a false crawl, according to GLM (z= 6.038, p< 0.0001).





4 Discussion

The findings of this study suggest that the loggerhead sea turtles select beaches that are not undergoing severe and extreme erosive processes to nest, corroborating our hypothesis. This agrees with Spanier (2010) who observed the leatherback sea turtle Dermochelys coriacea (Linnaeus, 1758) nested mainly at locations that were not eroding. Similarly, Witherington et al. (2009) observed local spatial shifts in the loggerheads nesting in Florida, USA as chronic and acute erosion increased over time. According to Pfaller et al. (2009), females with nesting experience select more successful nest sites than females with little experience. In addition, low nesting success of loggerheads is usually found in eroding beaches (Lamont and Houser, 2014). The lower number of nests on beaches with severe and extreme erosion, therefore, might reflect previous unsuccessful nesting experiences (Pfaller et al., 2009). This argument is reinforced by the fact that false crawls occurred more frequently in the same areas with higher nesting frequency, as found by Lamont and Houser (2014). Thus, the loggerhead sea turtle might decide not to nest in eroding beaches before emergence or at the very beginning of the crawl, preventing the expenditure of energy resulting from false crawls in beaches where nesting habitat is being lost (Mazaris et al., 2006). Future studies could tag nesting females or measure their body size (assuming that larger turtles are older) to compare nesting habitat selection between successive nesting seasons and properly test this “nesting experience hypothesis”.

Selecting beaches without extreme erosion is critical to sea turtles, firstly because of imminent loss of nesting habitat, and secondly because when selecting eroding beaches, female sea turtles may have to place their nests in locations where they would not conventionally do. Fujisaki et al. (2018) found temporal shifts in locations where loggerheads placed nests in relation to coastal erosion along a barrier island beach in the northern Gulf of Mexico. They observed that in eroding beaches, loggerheads nested significantly closer to the vegetation line, possibly relying on environmental cues that indicate the inundation risk of nests. However, in eroding beaches, these formerly reliable signals might no longer represent adaptive outcomes. The presence of plant roots upper shore provokes hatchling disorientation and shadow of the elements backing the beach that could alter hatchling sex ratios (Miller et al., 2003). In addition, predation is expected to be more intense in the upper zones of the beach. Wetterer et al. (2007) discussed that three sea turtle species nested further from dune vegetation after beaches were artificially replenished (to contain coastal erosion), being less exposed to predaceous fire ants.

Changing the location of the nest at a fine scale rather than avoiding eroding beaches can be therefore an ecological trap. Similarly, when females nest on highly urbanized coasts they put their offspring at risk because of trampling, vehicles, and artificial light. Similar to Kikukawa et al. (1999); Weishampel et al. (2016), and Price et al. (2018), we verified that the probability of finding loggerhead nests was negatively related to higher urbanization levels. Accordingly, false crawls were more frequent in more developed areas, thus we argue that females regularly give up on laying eggs after encountering highly impacted beaches within urban areas. However, several nests still occur on developed coasts, also because almost half of the beaches in the region suffer erosion; thus, urban beaches in accretion can be selected more frequently for nesting in future nesting seasons. Thus, alternatives for management need to be discussed, including measures to mitigate erosion effects in this hotspot of loggerhead sea turtle nesting.

Sandy beach management in Brazil remains overwhelmingly focused on engineering interventions to mitigate erosion, while ecological components are often neglected. The scenario for the northern coast of the state of Rio de Janeiro is even worse; despite technical determinations, nothing has been done to contain erosion in several beaches, including loggerhead sea turtle nest sites. To mitigate intense and chronic coastal erosion, the placement of artificially pumped compatible sands from the Paraíba do Sul River mouth to rebuild the beach-dune system has been proposed as a suitable nature-based solution (instead of hard engineering intervention). This approach involves concomitant foredune reforestation and conservation measures to preserve the integrity of the ecosystem, which should be locally understood as a fundamental natural structure for coastal defense. This solution was suggested as a method considered optimal for controlling the problem of coastal erosion (Bulhões, 2023). This intervention attempts to mirror the river’s natural role in providing sediment to adjacent beaches, which has been lost because of human impacts in its course. Plantations of non-native vegetation and hard-engineering intervention should be discouraged, because it is inefficient to contain erosion and it has dramatic effects on nesting turtles (Rizkalla and Savage, 2011; de Vos et al., 2019).

Effects of beach nourishment on turtles are controversial, challenging decision-making processes regarding erosion management in loggerhead nesting sites. Beach replenishment provides nesting habitats that otherwise were unavailable (Fujisaki et al., 2018), but in some cases, nourished beaches become less suitable for turtle nesting than natural beaches (Milton et al., 1997; Rumbold et al., 2001). Nourishment can alter natural parameters of natural beaches, such as sand density, shear resistance, moisture content, slope, sand color, grain size, sand shape, and sand mineral content, impacting the reproductive success of sea turtles (Rumbold et al., 2001). However, when erosion is extreme and the nesting area has already been lost, beach restoration becomes an almost indisputable management solution. In such cases, variables such as source sand, application technique, maintenance, and monitoring are decisive in determining the success of nourishment projects with respect to sea turtles nesting and thus should be considered (Milton et al., 1997). Finally, under erosion scenarios in which loggerhead turtles still lay eggs on the beach, nest translocation to beaches in accretion or stability could be a less costly and logistically simpler solution to increase reproductive success (Pike, 2008; Pfaller et al., 2009).

When translocating nests to beaches without predominance of erosive dynamics, coastal development should also be considered. Here we found that lower nesting frequency and more false crawls occurred on beaches with higher urbanization, and thus, human stressors are impacting nest site selection. Indeed, nesting on developed coasts promotes ecological traps (i.e., maladaptive habitat selection). Disoriented hatchlings have been found on roads near urban beaches in the region, causing road-kills. Further research should be carried out to verify spatial factors that increase the risk of beach animals being road-killed, including artificial light and urbanization level (Costa et al., 2020a; Costa et al., 2020b). With these results, it will be possible to find hotspots of car-fauna collisions, from where nests must be translocated or even barriers that could avoid animals emigrating to roads could be built. All these proposed management actions would be facilitated by the recent implementation of coastal marine protection areas (“APA das Dunas e Restingas” and “Private Reserve of Natural Heritage Caruara” - Caruara Reserve), but this does not guarantee their success (Nel et al., 2013). Thus, the creation of management planning focused on the loggerhead sea turtle, including sensitivity maps, is strongly encouraged (Lopez et al., 2015), as well as long-term nesting monitoring. This will certainly promote protective ramifications to sandy beach resident fauna, which is also dramatically affected by loss of habitat associated with erosion, urban development, and consequent coastal squeeze.




5 Conclusion

In conclusion, coastal erosion and urban development threaten loggerhead turtle nesting in one of their most important breeding areas in Brazil. Consequently, the region has several ecological traps that require decision-makers to draw up urgent management and conservation plans. We strongly recommend that nest translocation from extremely eroded to stable areas and from urban to low-urban areas is prioritized, as has already occurred in these 62 km of coast. We also suggest that resident fauna must be embraced in management action and monitoring. The selection of priority areas for conservation in the region may be based on the co-occurrence of loggerhead turtle nests and greater diversity and irreplaceability of the supralittoral and dune vegetation faunal community; beach arthropods are as dependent on the integrity of the beach-dune system as sea turtles. Therefore, sea turtles could function as umbrella species in protecting the biodiversity of sandy beaches.
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