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Introduction

Spatial prioritization is essential for conservation strategies seeking to reverse population losses among Amazonian freshwater turtles, including the yellow-spotted river turtle (Podocnemis unifilis). Nesting areas represent critical habitats for populations of this species. Broad-scale assessments may, however, fail to detect anthropogenic threats to nesting areas. Therefore, acquiring local-scale data is crucial for accurately identifying these threats and subsequently informing effective, site-specific conservation and restoration measures.



Methods

We assessed the vulnerability of P. unifilis nesting areas (n = 275) along 197 km of rivers in equatorial Brazilian Amazonia across a gradient of anthropogenic impacts. We adopted a multiscale approach that included variables associated with anthropogenic impacts and land cover change. We quantified vulnerability at three spatial scales (nesting area, 5 km river reaches, and ~50 km zones) by analyzing a combination of field and remote sensing data on nesting area size, land cover change, and anthropogenic threats. A multifactorial vulnerability index was calculated based on the variables analyzed. We then used this index to map nesting area vulnerability at different spatial scales. We then explored the main drivers associated with vulnerability through hierarchical-clustering-on-principal-components, which identified six clusters.



Results

The most vulnerable nesting areas were in the downstream locations close to a town and hydroelectric dam. We found that 14 nesting areas (1.4% of the overall area) had very high vulnerability, while most nesting areas (206) had very low vulnerability.




Discussion

We established conservation priorities based on a combination of nesting area size, location, and vulnerability. Our results can help inform conservation and restoration actions for P. unifilis. The approach could be useful to generate similar assessments across the species pan-Amazonian range.
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1 Introduction

The Amazon Basin is home to diverse freshwater turtle species (Buhlmann et al., 2009), which face ever-increasing anthropogenic pressures, including overexploitation, deforestation, urbanization, and hydroelectric dams (Bárcenas-García et al., 2021; Fagundes et al., 2021, 2018; Johns, 1987; Smith, 1979). The yellow-spotted river turtle, Podocnemis unifilis, Troschel, 1848 is one of the most widely distributed and abundant Amazonian turtles (TTWG, 2021); however, its populations have declined significantly in recent decades due to overexploitation and habitat loss (Escalona et al., in press, Páez et al., 2015; TTWG, 2021). A modeling analysis of P. unifilis populations predicted severe (≥50%) and rapid (<50 years) future losses across 60% (5.3 M km2) of its pan-Amazonian range (Norris et al., 2019). It is currently assessed as Vulnerable (A1acd) by the IUCN Red List (TFTSG, 1996), pending publication of the most recent assessment of Vulnerable (A2cd+4bcd) (Escalona et al., in press)

Effective nesting area protection is essential for the integrated conservation management of P. unifilis and, likely other, Amazonian freshwater turtles (Andrade et al., 2022; Norris et al., 2019; Páez et al., 2015). Nest site selection is crucial for the fitness of P. unifilis, influencing egg-hatching success, hatchling development, and population demography (Refsnider and Janzen, 2010; Escalona et al., 2009; Iverson, 1991; Norris et al., 2019). Although predominantly aquatic, P. unifilis lay their eggs on land close to the water’s edge (Thorbjarnarson et al., 1993). These terrestrial nesting areas are susceptible to anthropogenic threats (Fagundes et al., 2021; Steen et al., 2012), and are prone to habitat degradation and fragmentation due to the close associations with human needs and resource use (Leal et al., 2016; Paula et al., 2018). Furthermore, the spatial and temporal predictability of nesting facilitates exploitation, with females and their eggs targeted during the nesting season (Pezzuti et al., 2010; Norris and Michalski, 2013; Smith, 1979). Nesting areas can, therefore, represent an evolutionary trap for P. unifilis (Quintana et al., 2019). The environmental cues females use to select nesting areas do not account for human-induced threats, which in turn makes populations vulnerable to overexploitation (Quintana et al., 2019; Fagundes et al., 2021).

Assessing the vulnerability of nesting areas is necessary to develop more effective conservation strategies for Amazonian turtles including P. unifilis (Fagundes et al., 2021). Vulnerability is the degree to which a system, subsystem, or system component is likely to experience harm due to exposure to a hazard, either a perturbation or stressor (Turner et al., 2003). Spatial analysis of species occurrence and/or habitat use helps to identify areas that are most vulnerable to anthropogenic activities (Kukkala and Moilanen, 2013; Ippolito et al., 2010). This is often used in the risk-hazard model, where the vulnerability component called exposure is frequently evaluated to quantify the overlap between the variable of interest and hazards/threats (Auber et al., 2022; Ippolito et al., 2010). Predictions can then be made to estimate the degree to which vulnerable areas are likely to change when exposed to multiple threats to inform management and conservation actions (Turner et al., 2003; Ippolito et al., 2010). By identifying critical habitats and factors contributing to vulnerability, conservationists can prioritize areas for protection and restoration efforts to prevent local extinction and facilitate the recovery of impacted populations (Norris et al., 2019).

Remote sensing has been used to identify and map freshwater turtle nesting area vulnerability in the Brazilian Amazon (Fagundes et al., 2021). While such broad-scale assessments provide much relevant information, more local scale data is needed to generate insight at the level of river basins (Ippolito et al., 2010). This is especially true for P. unifilis, which uses nesting areas that can be too small and/or too close to canopy forests to be detected by remote sensing (D. Norris pers. obs.). Local-scale information is therefore necessary to develop more effective management plans for riparian habitats and other important areas for turtle nesting, as well as mitigation or compensation measures for environmental impacts.

Here we use data on P. unifilis nesting areas upstream of a recently operational hydroelectric dam to assess their vulnerability to anthropogenic activities. We asked (a) what is the level of nesting area vulnerability, (b) which variables determine nesting area vulnerability, and (c) where should different conservation strategies be prioritized?



2 Materials and methods


2.1 Study area

This study was conducted in the Araguari River basin, in the central region of the Brazilian state of Amapá (Figure 1). The study area is part of the eastern Amazon Guianan forests (Ter Steege et al., 2001). The Araguari basin comprises “clear water” rivers, i.e., rivers with lower dissolved sediment and ion loads (Junk et al., 2015). The region’s climate is humid tropical [“Am” Tropical monsoon (Kottek et al., 2006)], with a dry season from September to November (<150 mm of monthly rain) and a rainy season (>300 mm of monthly rain) from February to April (Supplementary Figure S1).
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Figure 1 | Location of the study area in the equatorial eastern Amazon. The small insets show (A) the location of Amapá state in Brazil/South America and (B) the location of FLONA in Amapá state. (C) Polygon of the Amapá National Forest (FLONA) showing the sampling area and its division into three zones (see Material and Methods for zone definition) along the Araguari and Falsino rivers, showing the Cachoeira Caldeirão dam (black cross), the FLONA headquarters (black triangle) and the town of Porto Grande (black square). Figure adapted from de Oliveira et al. (2015).

We assessed the vulnerability of nesting areas to anthropogenic activities along 197 km of rivers upstream of the Cachoeira Caldeirão dam (Figure 1). This encompassed an area starting 12 km upstream from the dam, continuing upstream to the town of Porto Grande and then to relatively remote stretches of the Falsino River bordering the Amapá National Forest (hereafter FLONA), where commercial activities are prohibited. Amapá is the state with the lowest deforestation rate within the Brazilian Amazonia (INPE, 2024). Localized deforestation extends approximately 50 km upstream from Porto Grande. However, the majority of surveyed rivers remain bordered by continuous primary forest i.e.< 5% forest loss from 2000 to 2020 within 10 km of the rivers (Hansen et al., 2013). The riverbanks are generally elevated, so that forests close to the margin (e.g., within 110–554 m) are never flooded (Caron et al., 2021).



2.2 Nesting areas

Nesting areas were located along the 197 km sampling area from 2016 to 2019 after the Cachoeira Caldeirão dam became operational in 2016. Areas suitable for turtle nesting were identified based on the following features: areas >1 m2, with exposed sand/gravel substrates, raised above river level, without being waterlogged to a depth of 15 cm. Here we consider nesting areas as those where at least one P. unifilis nest was identified in 2016, 2017 or 2018. Full details of nesting area surveys are presented in previous studies (Bárcenas-García et al., 2022; Norris et al., 2018; Quintana et al., 2019).



2.3 Vulnerability of nesting areas

We defined eight variables representing anthropogenic threats to nesting areas (Table 1): riverine commercial activities (fishing, gravel extraction), distance to the nearest town, distance to the nearest hydroelectric dam, distance to the nearest house, proportion of recent natural forest loss (2000-2021) and natural forest cover (2021) within 500-m and 10-km radii. These variables were chosen based on known threats to Amazonian freshwater turtles and their nesting areas (Bárcenas-García et al., 2022; Norris and Michalski, 2013; Conway-Gomez, 2007; Fagundes et al., 2021, 2018; Castello and Macedo, 2016). The 500-m and 10-km radii were chosen to represent local-scale and broader-scale changes around the nesting areas. The radii values were selected considering that P. unifilis movements appear to be relatively localized to areas of approximately 0.8–5 km2 (Bock et al., 1998; Naveda-Rodríguez et al., 2018; Ponce De Leão et al., 2019). Field data (e.g., location of houses and nesting areas) were only collected upstream of the Cachoeira Caldeirão dam (Bárcenas-García et al., 2022; Quintana et al., 2019).


Table 1 | Details of the anthropogenic threats to Podocnemis unifilis nesting area vulnerability analyses used in this study.


	Threat
	Description
	Impacts to turtles 
(references)
	Data source





	Commercial
	Activities such as commercial fishing, mining, and/or dredging for river sand/gravel permitted or not
	Accidental bycatch and/or direct harm to turtle populations (1). Mining operations in riverbeds can destroy nesting areas, alter water flow dynamics, and increase sedimentation (2).
	Present study



	Towns
	Distance along river to the nearest town
	Urbanization and associated activities cause habitat degradation and disturbance. Increased proximity to towns can result in greater human activity near nesting sites, leading to disturbances, overexploitation, and habitat degradation. (3, 4, 5).
	IBGE



	Hydroelectric dams
	Distance along river to nearest dam
	Dams block movement along the river, impacting adult survival and preventing female access to suitable nesting sites, impacting female survival and reproductive success. Dam reservoirs flood nesting areas or cause sediment buildup that impacts nesting sites, egg incubation, and hatchling survival (5, 6, 7).
	ANEEL



	Human habitations
	Distance along river to nearest house (2019)
	Exploitation and egg collection for consumption or trade. Habitat fragmentation and pollution close to human settlements (3, 4, 5, 8).
	Quintana et al., 2019



	Forest loss
	% natural forest lost 2000–2021 within 500-m and 10-km radii
	Deforestation causes habitat destruction and reduced feeding and nesting opportunities (9).
	Mapbiomas



	Forest cover
	% natural forest cover 2021 within 500-m and 10-km radii
	Forest cover is an important proxy for environmental integrity (9, 10, 11).
	Mapbiomas





References: 1 – Stanford et al. (2020); 2 – Damseth et al. (2024); 3 – Conway-Gomez (2007); 4 – Pezzuti et al. (2010); 5 – De Souza Alcântara et al. (2013); 6 – Bárcenas-García et al. (2022); 7 – Bárcenas-García et al. (2021); 8 – Norris and Michalski (2013); 9 – Fagundes et al. (2018); 10 – Törnblom et al. (2011); 11 – Quigley et al. (2001).



Distance variables were calculated along the rivers from each nesting area using functions available in the R package “riverdist” (Tyers, 2020). The proportion of recent natural forest loss (2000-2021) and natural forest cover (2021) was calculated around each nesting area using annual land use and land cover classifications provided by Mapbiomas Collection 7 (https://brasil.mapbiomas.org/) derived from 30-m resolution Landsat images (Souza et al., 2020). The proportion of natural forest cover in 2000 and 2021 was calculated within 500-m and 10-km radii around each nesting area using functions available in the R package “landscapemetrics” (Hesselbarth et al., 2019). Forest loss was expressed as the percentage difference in natural forest cover between 2021 and 2000.



2.4 Data analysis

To calculate the vulnerability of P. unifilis nesting areas to human threats, the sampling area was divided into three zones (following de Oliveira et al., 2015): Zone 1, the most downstream area near the Cachoeira Caldeirão dam and the town of Porto Grande to FLONA headquarters (75 km along the Araguari River); Zone 2, 49 km upstream of Zone 1 along the Araguari River from the FLONA headquarters; and Zone 3–74 km upstream from Zone 1 along the Falsino River from the FLONA headquarters (Figure 1). To account for differences in human use and river geomorphology Zones 1 and 3 were further subdivided. Zone 1 was subdivided into 1.1, from Porto Grande town to the Amapari River confluence; and 1.2, from the Amapari River confluence to the FLONA headquarters. Zone 3 was subdivided into 3.1, from the FLONA headquarters to the most upstream human habitation; and 3.2, 42 km upstream of the last human habitation.

We used an index approach to estimate vulnerability (Turner et al., 2003; Auber et al., 2022). In this method, indicators are selected and integrated into an index that depicts the overall vulnerability quantitatively. To calculate nesting area vulnerability we adapted the methodology of Alaniz et al. (2022). The threats were scaled to values between 0 to 1. This rescaling provided a standardized vulnerability scale, so threats contributed equally to the index.

We adopted linear and non-linear relationships to model the vulnerability associated with each of the threat variables (Figure 2; Supplementary File 1). We modeled a non-linear decline in vulnerability with distance to the nearest house and the dam. It was shown previously that 95% of daily fishing activity in the area occurs within 4.5 km of houses (Norris and Michalski, 2013), but impacts can extend to 15 km (Quintana et al., 2019). The impact of the dam was shown to decline non-linearly up to 75 km upstream (Bárcenas-García et al., 2022; Norris et al., 2018, 2020). The maximum distance of a nesting site from the town (94 km) was well within the range of known impacts of urban developments (>1000 km) (Tregidgo et al., 2017), therefore vulnerability was modeled as declining linearly with increasing distance from the town to reflect a gradient in intensity of use by town residents. Regarding landcover change (including deforestation), it has been shown that initial (patch size) and percolation thresholds were detected with 40-60% natural forest cover, i.e., to avoid the effects of forest loss it is necessary to retain at least 70% forest cover (De Filho and Metzger, 2006). Conversely, the persistence of species that need high habitat quality and that did not disperse through the matrix was limited in areas with 40-60% forest cover (De Filho and Metzger, 2006). Here we assumed a non-linear relationship of vulnerability with forest cover, declining to zero above 70% forest cover. Forest loss (change in forest cover between 2000 and 2021) was included as a proxy for recent human activity, assuming a linear decline of vulnerability with increasing forest loss.
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Figure 2 | Scaled vulnerability scores of threat variables to Podocnemis unifilis nesting areas. Variables were rescaled to provide a standardized overall vulnerability index calculation. (A): Vulnerability and distance to house. (B): Vulnerability and distance to dam. (C): Vulnerability and distance to town (Porto Grande). Vulnerability and forest loss at (D) 500 meters and (E) 10 kilometers. Vulnerability and forest cover forest cover at (F) 500 meters and (G) 10 kilometers. Linear and non-linear relationships reflect the impacts of the different threats. The lines were obtained from Generalized Additive Models to aid visual interpretation.

An additive approach was then applied to calculate an overall vulnerability index (VI) (Alaniz et al., 2022; Tian et al., 2022) for each nesting area using Equation (1).

VI=∑i=1n=8ni


8




Where ni = vulnerability value of the nesting area for each variable (ranging from 0 to 1). VI is then calculated as the sum of ni for the 8 variables, divided by the sum of maximum possible values (8).

The VI was then adjusted to account for the variation in vulnerability values. If there was considerable disparity between the vulnerability values, VI was increased by adding the coefficient of variation of the vulnerability values (vulnerability SD/mean vulnerability), so that beaches with identical vulnerability values received a zero increase, and those with widely divergent values received a relatively higher VI (Pearson correlation coefficient of original and adjusted values, r =0.997). We chose to increase values slightly as populations of the species are likely to be seriously affected by any of the anthropogenic threat variables. This increase reflects the expectation that even in cases where only a few variables have high index values, turtle populations are likely to be increasingly vulnerable. Finally, we reclassified all nesting areas into five levels of vulnerability: very high (>0.5), high (>0.4–0.5), medium (>0.3–0.4), low (>0.2–0.3), and very low (<0.2).

Hierarchical clustering on principal components (HCPC) was used to identify and prioritize vulnerability clusters of nesting areas. HCPC is a well-established technique widely used in ecological and environmental vulnerability analysis (Tian et al., 2022; Wu et al., 2020; Alaniz et al., 2022). It combines principal component analysis (PCA) and hierarchical clustering to explore and group data with complex structures (Husson et al., 2017), and can therefore be used to group locations with similar vulnerability profiles (Alaniz et al., 2022; Tian et al., 2022). HCPC works by first applying PCA to the data to reduce the dimensionality and identify the most important underlying dimensions. PCA transforms a set of correlated variables into a smaller set of uncorrelated variables. It does so by identifying the principal components, which are linear combinations of the original features that capture the maximum variance in the data (Greenacre et al., 2022). Hierarchical clustering is then applied to the principal components to identify clusters of data points that are similar in terms of these dimensions. HCPC was performed using the R (R Core Team, 2020) package ‘FactoMineR’ with default settings (Kukkala and Moilanen, 2013). See Supplementary File 1 for full details on the HCPC approach. We selected this method as PCA is generalizable, enabling the inclusion of multiple variables that may have different correlations depending on the local contexts across the species range. Additionally, the hierarchical structure of the dendrogram can represent the spatial hierarchy of zones and sub-zones along the rivers (Alaniz et al., 2022). The HCPC results were then mapped to prioritize vulnerability and restoration actions.

Priorities for conservation were established based on a combination of nesting area size, vulnerability scores and location. Larger nesting areas being most important as they can be used by a greater number of females. ‘Priority 1’ (highest) was assigned to clusters with large nesting areas, and to areas with the highest vulnerability. ‘Priority 2’ and ‘Priority 3’ were intermediate categories for high vulnerability with small nesting areas or low vulnerability with medium nesting areas. ‘Priority 4’ (lowest) was assigned to clusters with medium/low vulnerability and small/medium nesting areas. Location was implicitly handled by the clustering itself, as the clusters were geographically distinct. A low priority (4) was assigned to the most distant medium sized nesting area class with the lowest vulnerability scores.

Vulnerability was compared among zones using a non-parametric Kruskal-Wallis test as parametric assumptions of normality and homogeneity of variance were not met. This was followed by a pairwise Mann–Whitney test with Bonferroni correction to identify zones with different vulnerabilities.




3 Results

Vulnerability varied substantially across the nesting areas, ranging from 0.01 to 0.81, increasing along an upstream to downstream gradient (Figure 3). Vulnerability varied significantly among zones (Kruskal-Wallis, P< 0.0001). The post-hoc tests indicated that differences were significant among all zones (adjusted P< 0.0001 for all pairwise comparisons).
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Figure 3 | Nesting area vulnerability. (A) Vulnerability index to anthropic threats of mapped nesting areas of Podocnemis unifilis along Araguari and Falsino rivers in Amapá, Brazil; (B) Vulnerability index grouped by zones (1,2,3) and subzones (1.1, 1.2, 3.1, 3.2) within the study area. The horizontal line within the boxes is the mean, the box marks the 95% confidence limits estimated via nonparametric bootstrap.

The differences in vulnerability were associated with different threats among zones (Table 2). The least vulnerable zones were those without commercial activity and further away from houses located along the Falsino River, representing 37% of the overall river length surveyed. Commercial activity and distance to the nearest house were important in determining the difference between Zones 2 and Subzone 3.1, which had similar distances to the town and hydroelectric dam (Table 2). Distance to the nearest house was also relevant to determine the difference in vulnerability between the upstream Subzone 3.2 and the downstream Subzone 3.1 (Table 2).


Table 2 | Comparison of Podocnemis unifilis nesting area vulnerability.


	River zone/ 
subzone
	Length of river stretch 
(km)
	Nesting areas
	VI
	Threat variables



	N
	Area 
(Ha total/
median)
	Comm
	Distance to nearest
	Forest loss
	Forest cover



	Town
	Dam
	House
	500-m 
radius
	10-km 
radius
	500-m 
radius
	10-km 
radius





	Araguari River



	1.1
	42.7
	14
	1.8/0.04
	0.70 (0.10)
	yes
	5.6 (4.0)
	22.3 (6.8)
	3.7 (3.4)
	0.2 (0.2)
	0.2 (0.4)
	27.1 (17.6)
	62.3 (12.6)



	1.2
	32.4
	20
	0.4/0.01
	0.39 (0.02)
	yes
	37.5 (6.1)
	58.2 (6.1)
	0.4 (0.4)
	0.1 (0.01)
	0.0 (0.01)
	75.4 (7.3)
	98.2 (1.2)



	2
	47.8
	110
	3.3/0.01
	0.23 (0.07)
	yes
	62.9 (9.6)
	83.6 (9.6)
	5.1 (5.1)
	0.0 (0.0)
	0.0 (0.0)
	86.3 (3.9)
	98.8 (0.2)



	River total
	123
	144
	5.4/0.01
	 
	yes
	 
	 
	 
	 
	 
	 
	 



	Falsino River



	3.1
	31.6
	103
	2.8/0.01
	0.09 (0.05)
	no
	53.9 (5.6)
	74.6 (5.6)
	4.8 (4.2)
	0.0 (0.0)
	0.0 (0.0)
	95.0 (2.8)
	99.1 (0.4)



	3.2
	42.7
	28
	1.4/0.04
	0.03 (0.01)
	no
	73.8 (9.1)
	94.5 (9.1)
	23.5 (9.1)
	0.0 (0.0)
	0.0 (0.0)
	95.6 (2.0)
	99.7 (0.0)



	River total
	74.3
	131
	4.1/0.02
	 
	no
	 
	 
	 
	 
	 
	 
	 



	Total
	197.2
	275
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 





Length of sampling zones/subzones along the Araguari and Falsino rivers (Amapá state, Brazil) and number (N) and area of Podocnemis unifilis nesting areas in hectares (total and median values per zone/subzone), their vulnerability index (VI) and values for the evaluated threat variables per zone/subzone. Threat variable values are the mean and standard deviation (in parenthesis). Distance values are in kilometers. Forest loss is the proportional change in forest cover between 2000 and 2021, and the percentage forest cover in 2021. Comm = presence of commercial activities. See Material and Methods for details on the threat variables.



The first three components of the PCA accounted for 97.4% of the variance in the data (56.8, 24.3, and 16.4% for components 1, 2, and 3, respectively). Commercial activity (r = 0.97) and distance to the nearest house (r = 0.88) were most strongly associated with components 1 and 2, respectively (Supplementary Figures S3.1, S3.2). The only variable that was not strongly correlated with any of the first three components was forest loss in a 500m radius area (r = 0.33, 0.33, and 0.47, respectively). The other five variables were strongly associated with component 3 (r > 0.80).

HCPC identified six clusters that differed in nesting area average size and vulnerability, three of them with high conservation priority (Table 3). The highest priority covered a quarter of the river stretch studied (24.4%, 48.2 km) and was separated into three distinct spatial clusters. Subzones 3.1 and 3.2 were presented mid to large size and low-vulnerability clusters, while large nesting areas with high vulnerability occurred downstream, close to both the town and the dam (Figure 4).


Table 3 | Multi-scale variation in Podocnemis unifilis nesting area vulnerability in the zones/subzones of the study area along the Araguari and Falsino rivers (Amapá state, Brazil) and according to six clusters determined by HCPC.


	River zone/
subzone
	Cluster
	River length 
(km)
	Nesting area
	Vulnerability
	Priority



	Class
	Count
	Area (Ha total/median)
	Class
	Mean
	SD
	Range





	Araguari River



	1.1
	6
	10.4
	large
	7
	1.10/0.03
	very high
	0.77
	0.04
	0.71 – 0.81
	Conservation - restoration
	1



	 
	5
	32.3
	small
	7
	0.31/0.04
	very high
	0.61
	0.10
	0.46 – 0.76
	Conservation - restoration
	2



	1.2
	4
	32.4
	small
	20
	0.36/0.01
	medium
	0.39
	0.02
	0.34 – 0.42
	Conservation - restoration
	4



	2
	4
	20.8
	medium
	35
	0.88/0.01
	medium
	0.31
	0.02
	0.25 – 0.34
	Conservation
	3



	 
	3
	27.0
	large
	75
	2.38/0.01
	very low
	0.18
	0.03
	0.15 – 0.25
	Conservation
	1



	River total
	123
	 
	144
	5.4/0.01
	 
	 
	 
	 
	 
	 



	Falsino River



	3.1
	2
	10.8
	large
	46
	1.28/0.01
	very low
	0.14
	0.03
	0.10 – 0.19
	Conservation
	1



	 
	1
	20.8
	medium
	57
	1.50/0.02
	very low
	0.05
	0.01
	0.03 – 0.09
	Conservation
	2



	3.2
	1
	42.7
	medium
	28
	1.35/0.04
	very low
	0.03
	0.01
	0.01 – 0.03
	Conservation
	4



	River total
	74.3
	 
	131
	4.1/0.02
	 
	 
	 
	 
	 
	 



	Total
	 
	197.2
	 
	275
	13.7/0.1
	 
	 
	 
	 
	 
	 





Clusters were classified from 1 (lowest vulnerability) to 6 (highest vulnerability). Conservation priority was classified from (1) highest to 4 (lowest).
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Figure 4 | River reach vulnerability. (A) Distribution of Podocnemis unifilis nesting areas along the Araguari and Falsino rivers (Amapá state, Brazil) according to total size of summed nesting areas vs mean vulnerability index in 5-km river reaches (shade increases with area size and vulnerability); and (B) the hierarchical-clustering-on-principal-components classification into six clusters. Crossed-out open squares represent river sections lacking nesting areas. Labels show the locations of river zones (1,2,3) and subzones (1.1, 1.2, 3.1, 3.2) within the study area.



4 Discussion

As expected, there was a clear gradient of nesting area vulnerability relative to anthropic impacts. The proximity to both a town and a hydroelectric dam generated surprisingly high vulnerability immediately upstream for a region with such high environmental protection. Urbanization and hydroelectric dams have numerous, often synergistic, impacts on freshwater turtles (Lovich et al., 2018; Bárcenas-García et al., 2021; Chaves et al., 2021; Conway-Gomez, 2007). The vulnerability gradient we found reflects the well-documented limitations of terrestrial protected areas to adequately conserve aquatic species (Anderson et al., 2019; Nogueira et al., 2021; Mollmann et al., 2022). Indeed, the protected areas in the study region appear to have limited capacity to conserve aquatic species such as turtles (Norris et al., 2018).

Our findings, which identify commercial activity and proximity to human infrastructure such as towns and hydroelectric dams as drivers of nesting area vulnerability, align with a broad consensus in the literature on Amazonian chelonians (Sousa et al., 2024; Fagundes et al., 2021, 2018; TTWG, 2021). While we employed a fine-scale, multi-factor vulnerability index, other research on P. unifilis and its congeners present similar conclusions. Our finding that vulnerability increased near human settlements is explained by empirical results from other regions, which documented unsustainable harvesting of eggs and females as a direct consequence of human proximity and urban demand for turtle meat and eggs (Mayor et al., 2024; Chaves et al., 2021; Conway-Gomez, 2007; Pezzuti et al., 2010). Furthermore, the risks we identified are reflected at an evolutionary scale in population genetic studies of Podocnemis species. Anthropogenic impacts and landscape features, including natural rapids (barriers analogous to dams), can restrict gene flow and are associated with significant population structure, demonstrating the potential long-term consequences of the vulnerability we mapped at a local scale (Dos Santos et al., 2016; Agostini et al., 2024; Cárdenas-Barrantes et al., 2024). Thus, by capturing threats invisible from space our vulnerability predictions complement broader scale assessments (Fagundes et al., 2021, 2018; Sousa et al., 2024).

Commercial activities and proximity to human habitations increased vulnerability both among and within the zones/subzones. Remote sensing provides increasingly fine-scale models of land-use and land-cover change (Pettorelli et al., 2018; Kissling et al., 2018). However, variables such as the presence of commercial activity and distance to the nearest house are still difficult to obtain via remote sensing, as they are almost undetectable (Peres et al., 2006). The relevance of these variables, which were not included in previous remote sensing studies (Fagundes et al., 2021), shows the importance of more detailed field data to inform vulnerability assessments along Amazonian rivers. Although fieldwork-based publications are declining (Ríos-Saldaña et al., 2018), integrating field data to complement remote sensing approaches is vital to generate robust scientific evidence.

By integrating results on nesting area size, vulnerability, and geographic location, it was possible to identify and prioritize conservation and management options. While all high-priority clusters included relatively large nesting areas, recovery and restoration actions are most urgently needed in the most downstream cluster to mitigate losses associated with the dam and the nearby town (Bárcenas-García et al., 2022; Norris et al., 2018). These actions should include the creation of new nesting areas along 15 km of river currently devoid of nesting areas due to flooding by the hydroelectric dam.

Although scientific evidence can inform solutions and actions to conserve vulnerable nesting areas, the greatest challenge is to act and implement them. For example, the hydroelectric power plant operator needs to act to reduce vulnerability and mitigate impacts associated with the dam. Evidence documenting the effects of the hydroelectric dam on nesting areas was presented to the relevant authorities in 2018 (MPAP, 2023). To date, this process is stalled, and neither the state environmental agency nor the company operating the dam has acted to create and/or restore turtle nesting areas. While enforcement actions appear to be ineffective, community-based actions may generate viable alternatives to counteract threats (Andrade et al., 2022; Campos-Silva et al., 2018; Páez et al., 2015).

Community-based management of nesting areas could turn vulnerability into resilience (Norris et al., 2020, 2018). Areas near Porto Grande, for example, are potentially ideal for environmental education and community-based management actions, which have been successful for the conservation of Podocnemis turtles outside of protected areas (Campos-Silva et al., 2018; Rivera et al., 2021; Andrade et al., 2022). Conservation strategies may include buffer zone establishment, community engagement, and sustainable land-use practices to mitigate the impact of human activities (Andrade et al., 2022; Bárcenas-García et al., 2021; Steen et al., 2012; Campos-Silva et al., 2018). More specifically, fishing and gravel extraction could be restricted in zones or subzones with important nesting sites. Buffer zones could also be established around nesting sites to reduce human disturbance.

The index we used is adaptable to local contexts across the species’ range. For example, while we used distance to the nearest house as a proxy for human activity, other variables like distance to settlements or number of residents could better reflect harvest pressure in different areas. Further studies are needed to test and refine the index across the species range, assessing its generalizability and identifying context-specific modifications.

Several caveats should be considered when interpreting our results. First, a more detailed understanding of how anthropogenic impacts affect P. unifilis populations is crucial. Currently, there is a lack of data on adult population dynamics and the effects of threats like deforestation and dams, hindering comprehensive impact assessments (Páez et al., 2015). This information is crucial for the development of effective mitigation or compensation measures in the context of infrastructure projects. Second, grouping continuous values into classes (e.g., low to very high) remains subjective. Future studies should evaluate the sensitivity of vulnerability assessments to these classifications. Third, some of the variables that we included reflected the local context. It may be necessary to include additional variables to adequately reflect the threats in other areas. The inclusion of additional social data would strengthen planning and stakeholder involvement, e.g., reporting wildlife crimes and the participation of local communities in conservation and development programs (Pimid et al., 2022; Bennett et al., 2017; Turner et al., 2003). Finally, we did not use variable weights due to a lack of robust evidence on the relative importance of different threats. The relative importance of different threats could likely depend on factors such as the ecosystem, geographic location, and socio-economic context, among others. Although there is a lack of data for the study region, expert opinion or meta-analyses could provide valuable information to enable a weighted approach in future assessments.



5 Conclusions

Our findings provide evidence of the local scale vulnerability of turtle nesting areas and identify priority clusters for conservation actions. Clusters provided a spatially explicit baseline to inform the choice of priority nesting areas for local scale population studies. Conservation actions should initially be focused on maximizing nesting success by reducing losses due to flooding (Norris et al., 2020) and unsustainable harvest levels (Quintana et al., 2019), and then advance to include environmental education to reduce hunting of adults (Páez et al., 2015). Integrating turtle nesting area assessments in state-wide biodiversity conservation planning could benefit broader conservation strategies for the region’s human well-being, minimizing conflicts between stakeholders.
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(km) N (Hatotal/ = S H 500-m 10-km 500-m 10-km
median) ovin am OU5E radius radius radius radius

River zone/ Distance to nearest Forest loss Forest cover

subzone

Araguari River

L1 27 14 18/004 070 (0.10) yes 56 (4.0) 223(68) 37 (34) 02(02) 02 (04) 27.1 (176) 623 (126)
12 324 20 0.4/001 039 (002) yes 375 (6.1) 58.2(6.1) 04 (04) 01 (001) 00 (0.01) 754 (73) 982 (12)
2 478 110 3.3/001 023 (007) yes 629 (96) 6 (9.6) 5.1(5.1) 00 (0.0) 00 (0.0) 863 (39) 985 (02)
River total 123 144 5.4/0.01 yes

Falsino River

31 316 103 28/0.01 009 (005) no 539 (56) 746 (5.6) 48 (42) 00 (0.0) 00 (0.0) 950 (28) 99.1 (04)
32 27 2 14/004 0.03 (0.01) no 738 (9.1) 945 (9.1) 235 (9.1) 00(00) 00 (0.0) 956 (20) 997 (0.0)
River total 743 131 411002 no

Total 1972 275

Length of sampling zones/subzones along the Araguari and Falsino rivers (Amapé state, Brazil) and number (N) and area of Podocnemis wniflis nesting areas in hectares (total and median values per zone/subzone), their vulnerability index (VI) and values for the
evaluated threat variables per zone/subzone. Threat variable values are the mean and standard deviation (in parenthesis). Distance values are in kilometers. Forest los i the proportional change in forest cover between 2000 and 2021, and the percentage forest cover in
2021. Comm = presence of commercial activities. See Material and Methods for details on the threat variables.
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il Priority
Count Area (Ha total/median) Mean SD Range

Cluster

Araguari River

1 6 104 large 7| 110/003 very high 077 004 071-081  Conservation - restoration 1
5 323 small 7 031/004 very high 061 010 046-076  Conservation - restoration 2

12 4 324 small 20 036/0.01 medium 039 002 034-042  Conservation - restoration 4

2 4 208 medium 35 0.88/0.01 medium 031 002 025-034  Conservation 3
3 270 large 75 | 238/0.01 very low 018 003 015-025  Conservation 1

River total 123 144 54/001

Falsino River

31 2 108 large 46 | 1.28/0.01 very low 014 003 0.10-019  Conservation 1
1 208 medium 57 | 150/0.02 very low 005 001 003-009  Conservation 2

32 1 427 medium 28 135/0.04 very low 0.03 001 001-003  Conservation 4

River total 743 131 41/002

Total 1972 275 | 137/0.1

Clusters were classified from 1 (lowest vulnerability) to 6 (highest vulnerability). Conservation priority was classified from (1) highest to 4 (lowest)
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Commercial Activities such Accidental bycatch and/or Present
as commercial direct harm to turtle study
fishing, mining, = populations (1). Mining
and/or operations in riverbeds can
dredging for destroy nesting areas, alter
river sand/ water flow dynamics, and
gravel increase sedimentation (2).
permitted
or not
Towns Distance along Urbanization and associated IBGE
river to the activities cause habitat
nearest town degradation and disturbance.

Increased proximity to towns
can result in greater human
activity near nesting sites,
leading to disturbances,
overexploitation, and habitat
degradation. (3, 4, 5).

Hydroelectric | Distance along Dams block movement along | ANEEL
dams river to the river, impacting adult
nearest dam survival and preventing
female access to suitable
nesting sites, impacting
female survival and
reproductive success. Dam
reservoirs flood nesting areas
or cause sediment buildup
that impacts nesting sites,
egg incubation, and
hatchling survival (5, 6, 7).

Human Distance along  Exploitation and egg Quintana
habitations river to nearest | collection for consumption et al, 2019
house (2019) or trade. Habitat

fragmentation and pollution
close to human settlements
(3,4,5, 8).

Forest loss % natural forest =~ Deforestation causes habitat Mapbiomas
lost 2000-2021 destruction and reduced
within 500-m feeding and nesting

and 10- opportunities (9).
km radii
Forest cover % natural forest = Forest cover is an important Mapbiomas
cover 2021 proxy for environmental
within 500-m integrity (9, 10, 11).
and 10-
km radii

References: 1 — Stanford et al. (2020); 2 — Damseth et al. (2024); 3 - Conway-Gomez (2007); 4
- Pezzuti et al. (2010); 5 - De Souza Alcantara et al. (2013); 6 — Barcenas-Garcia et al. (2022); 7
- Barcenas-Garcia et al. (2021); 8 — Norris and Michalski (2013); 9 - Fagundes et al. (2018); 10
- Térnblom et al. (2011); 11 - Quigley et al. (2001).





