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Saguinus bicolor is one of the most endangered primates in the Amazon, mainly due to threats related to human activities, such as deforestation and habitat fragmentation. Moreover, the encroachment of Saguinus midas, a widely distributed species, into the restricted range of S. bicolor, poses further conservation challenges and extinction risks. This study focuses on the potential niche overlap and competition between these two species, which are closely related callitrichid primates with a parapatric distribution. We employed the support vector machine (SVM) algorithm to investigate the potential of invasion by S. midas into the area of occurrence of S. bicolor by quantifying and comparing the habitat suitability for both species. We used environmental variables that are known to be relevant descriptors of callitrichid niches and a similarity test was applied to assess niche overlap between the two species. Our analysis reveals that the majority of the area occupied by S. bicolor exhibits higher habitat suitability for S. midas than for S. bicolor. Furthermore, we found a high niche similarity between the species. These results suggest a significant invasive potential of S. midas into the range of S. bicolor. The research highlights the concerning prospects for the long-term persistence of S. bicolor, emphasizing the urgent need for conservation measures. The conservation and maintenance of an ecologically functional urban forest matrix, along with the preservation of habitat quality and connectivity in rural areas, are crucial. Monitoring the current contact areas between the two species and the areas indicated as highly and moderately suitable for S.midas in the range of S. bicolor is also essential, and the observed trends in the occupation of these areas need to be incorporated into adaptive conservation strategies to protect less anthropogenically impacted areas. The findings are expected to contribute to the ongoing National Action Plan for the conservation of S. bicolor and support the management and conservation efforts for the species.
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1 Introduction

The role of niche overlap and interspecific competition in determining species ranges and coexistence is vigorously debated (Lehman, 2000; Schreier et al., 2009; Kamilar and Ledogar, 2011; Wisz et al., 2013; Weber and Strauss, 2016). In a comprehensive review, Schreier et al. (2009) found that niche partitioning among co-existing primate species was driven by differences in diet (28%), use of different forest substrates (25%), and use of different forest types (14%). Stable coexistence between species is determined by factors such as fitness traits and niche differences, and we would expect that at a local scale, the more diverged the two species’ niches are, the greater the chances of coexistence (Chesson, 2000). However, as a result of ecological niche conservatism, the more closely phylogenetically related two species are, the greater the niche overlap between them (Peterson et al., 1999; Webb et al., 2002). Likewise, it is expected that high niche similarity between species leads to greater chances of interspecific competition (Gavilanez and Stevens, 2013; Weber and Strauss, 2016). We know, for example, that for many sympatric primate species, shared characteristics (e.g. similar diet and body mass) can increase interspecific competition (Ganzhorn, 1999). Lehman (2000) suggested that closely related species of Cebus in Guyana may exhibit negative patterns of interspecific association, potentially influencing their coexistence in the same habitats due to similarities in ecological requirements and resource use. Kamilar and Ledogar (2011) indicate that some primate species pairs may never be found in the same community due to competitive exclusion, even in areas where the environmental conditions are suitable for both species. Interspecific competition can also lead to parapatric distributions, potentially resulting in areas of sympatry within narrow contact zones (Coyne and Orr, 2004).

The pied tamarin (Saguinus bicolor) and the red-handed tamarin (Saguinus midas) are two closely related callitrichid primates (Lopes et al., 2023) with a parapatric distributions (Röhe, 2006). Saguinus bicolor is recognized as one of the 25 most endangered primate species worldwide (in press, 2024) and exhibits a notable degree of endemism among Amazonian primates, with its range estimated at approximately 7,500 km2 (Röhe, 2006). The species is assessed as critically endangered by both the IUCN and the Brazilian Ministry of Environment, with main threats stemming from deforestation and habitat fragmentation, mainly related to expanding rural settlements, agricultural and urban development (Gordo et al., 2021). Saguinus bicolor groups range from 2 to 13 individuals and are extremely territorial, with low population densities (1-2 groups/km2) throughout their distribution (Gordo, 2012). Saguinus bicolor occurs in a densely populated area, largely within the greater metropolitan area of Manaus, the capital of the Brazilian state of Amazonas. The distribution of S. bicolor is limited by the confluence of the Amazon and Negro rivers in the south and southwest, and the Cuieiras and Urubu rivers in the northwest and east, respectively. The northern boundary does not constitute a physical barrier but rather is demarcated by a narrow contact zone with S. midas, a species widely distributed through the southern Guiana Shield (Röhe, 2006).

Saguinus midas is classified as least concern by the IUCN, with a stable population trend. Saguinus midas groups range from 2 to 7 individuals, with population densities varying between 0.4 and 5.4 groups/km² throughout their distribution (Mittermeier et al., 2021). Its known distribution covers nearly the entirety of the region north of the Amazon River and east of the Branco, Essequibo, and Negro rivers, occurring in Brazil, Suriname, Guyana, and French Guiana (Mittermeier et al., 2021). The species has been described as highly adaptable and appears to be expanding its range (Ayres et al., 1982). Saguinus midas and S. bicolor share certain common characteristics. Both species show tolerance to environmental degradation and fragmentation (Ferrari, 1993; Gordo et al., 2013), occurring over a great diversity of habitats (e.g., primary forests: Gordo et al., 2008; Rodrigues and Vidal, 2011; edge habitats, dense understories and secondary growth: Rylands and Keuroghlian, 1989; Ferrari, 1993; disturbed, anthropized and peripheral habitat: Johns and Skorupa, 1987; Ferrari, 1993; Gordo et al., 2013). Furthermore, these two species are morphologically similar (Hershkovitz, 1977), showing similarity in food habits and seasonal balance in the use of resources (Egler, 1992; Pack et al., 1999). Additionally, the recent evolutionary divergence between S. bicolor and S. midas, estimated to have taken place approximately 2.97 million to 4.16 million years ago (Brcko et al., 2022; Lopes et al., 2023), further supports the notion of niche conservatism and potential niche overlap between these species.

Since the 1990s, studies have indicated that S. midas has been expanding its range specifically into areas previously occupied by S. bicolor, which consequently suffered decrease in its range (Subirá, 1998; Röhe, 2006; Gordo et al., 2021). The encroachment of S. midas into the range of S. bicolor, combined with evidence of hybridization between the species (Röhe, 2006; Gordo et al., 2021) suggests that S. bicolor is potentially threatened by competition with S. midas. However, in the two instances where we observed encounters between groups of the two species during this study, we did not observe any aggressive interactions between S. midas and S. bicolor. This is consistent with Röhe (2006), who reported four episodes of encounters between groups of these species with no aggressive interactions, suggesting that it is unlikely that this type of interaction is determining the spatial segregation observed between these two species. Nonetheless, Sobroza et al. (2021a) found that S. midas displayed more long calls while listening to S. bicolor calls than to its own species in sympatric areas, indicating a potentially higher level of aggressiveness or territorial behavior. This contrasts with findings in allopatric areas, where S. midas responded more to calls of its own species than to those of the congener. Observations of specimens exhibiting phenotypic characteristics indicative of hybrid animals have already been made. During field campaigns in an area of contact between the species, a group of three S. midas individuals was observed accompanying a group of seven S. bicolor, with one S. midas individual exhibiting phenotypic characteristics of a hybrid, including lighter fur and larger size. Another indication of hybridization between the species was found in the phylogenetic analyses of de Oliveira (2014), where one of the individuals that presented phenotypes corresponding to S. midas, originating from the contact zone between the two species, was grouped with S. bicolor.

We know that the range expansion of species, a well-documented phenomenon, can be driven by multiple factors including inter and intraspecific competition, favorable climatic conditions, genetic factors, resource availability, ecosystem modifications, stochastic colonization processes, and anthropogenic activities, among others (Excoffier et al., 2009; Gurevitch et al., 2011; Lowry et al., 2013; Wisz et al., 2013; Svenning et al., 2014; Pacifici et al., 2020). The demographic success of these species (Gurevitch et al., 2011) and the compatibility of the species’ niche with the invaded area (Shea and Chesson, 2002), are also important factors to consider. Additionally, species with large geographic ranges are more likely to establish themselves outside their original areas, particularly if they encounter climatic conditions similar to those in their original range of occurrence (Duncan et al., 2003; Clout and Russell, 2008). These characteristics raise concerns that S. midas has great potential to invade areas currently occupied by S. bicolor.

In this study, we employed ecological niche modeling (ENM) to investigate the invasive potential of S. midas within the current extent of occurrence (EOO) of S. bicolor. Habitat suitability for both species was evaluated using a set of relevant environmental variables known to describe the principal dimensions of niches of the family Callitrichidae. Our goal was to predict the areas of high habitat suitability for S. midas within the current EOO of S. bicolor. We also estimated common areas with high and moderate habitat suitability for both species, in order to identify potential areas of coexistence. This approach can contribute to understanding the potential invasion of S. midas into the EOO of S. bicolor and assess the conservation needs and strategies for areas suitable for S. bicolor.




2 Methods



2.1 Study area

The study area is located in central Amazonia, between the Uatumã River to the east, the Apuaú River to the west, the Negro and Amazonas rivers to the south and 2°0’ S latitude to the north (Figure 1). This area covers the entire historical (Ayres et al., 1982) and current (Gordo et al., 2021) known distribution of S. bicolor, plus a 60 to 80 km buffer beyond the species’ distribution limits and encompasses an area of approximately 318 km wide and 140 km long (28,020 km2).




Figure 1 | Location of the study area and the presence data of Saguinus bicolor (black dots) and Saguinus midas (yellow dots).



The vegetation consists of tropical humid terra firme forest in primary or secondary stages of succession. However, the rapid and disorderly occupation of urban and peri-urban areas of Manaus and surrounding regions turned the area into a deforestation hotspot in the Brazilian Amazon. This was triggered by the establishment of a free trade zone in the 1960s by the federal government as part of a strategy for the occupation and development of the Brazilian Amazon region, along with rural area occupation for agricultural activities (Gordo et al., 2013).

The study region features a tropical monsoon climate (“Am” according to the Köppen-Geiger classification), characterized by distinct dry and rainy seasons (Peel et al., 2007). During the drier months (from June to November), the average temperature is approximately 26.3 ± 1.3°C, while during the wetter months (from December to May) it is around 24.9 ± 1.1°C, with an annual average rainfall exceeding 2500 mm. Monthly rainfall averages 136 mm during the driest months and 288 mm during the wettest months (Aleixo et al., 2019).




2.2 Occurrence data

We obtained records of S. bicolor and S. midas from field observations in accessible areas that were pre-selected through satellite images. These areas were chosen to cover sampling gaps, especially in potential contact zones of the two species. In total, 818 areas were selected and visited between September 2019 and August 2021. These areas varied in size, ranging from small fragments of 1 hectare to extensive areas of continuous forest. Sampling was performed for at least 20 minutes in the smaller fragments and for at least 60 minutes in the continuous forest areas, where an observer conducted searches at 0.5 km/hour looking for Saguinus species. All sites were at least 1 km apart, and some sites were visited more than once if initial attempts to detect the animals were unsuccessful. We also sampled twelve 3 km trails opened in primary and secondary forest areas, six on each bank of the Urubu River, which in principle limits the distribution of S. bicolor to the east and S. midas to the west, respectively. These trails were surveyed monthly, until at least one occurrence record was obtained. The total number of occurrences registered for S. bicolor groups was 106 and for S. midas, 115.

In addition, we compiled occurrence records of S. bicolor (n=5) and S. midas (n=14) from gray literature (de Oliveira, 2014) and online datasets (n=15 for each species) from the Global Biodiversity Information Facility - GBIF (www.gbif.org) and SpeciesLink (splink.cria.org.br). Since S. midas has a wider distribution, we also used records from outside the focal studied area. However, in order to avoid including different lineages of S. midas that might have different niche requirements (e.g. Machado et al., 2019), we excluded records beyond the Trombetas River to the east and above the coordinate 1°50’ N to the north. This decision stems from genetic studies revealing two distinct intraspecific lineages of S. midas, separated by the Trombetas River (de Oliveira, 2014). Additionally, Vallinoto et al. (2006) observed genetic divergence between samples of S. midas from the Uatumã River and those from the Trombetas River, approximately 200 km apart. Moreover, we excluded records that were obtained before 1980 to avoid georeferencing inaccuracies and observations from localities that are currently deforested. We verified georeferencing errors by visually inspecting coordinates on the map. In cases of inconsistencies, we contacted the observer. Using these strategies, we were able to resolve inconsistencies for 3 records collected after the year 2000. Occurrence data outside the known distribution range for the species were excluded.

We used a randomization approach, through the ‘thin’ function in spThin R package, which returned a set of data with the maximum number of records with a minimal distance of 1 km between records to control the sampling bias from highly sampled areas while simultaneously retained the greatest amount of useful information (Aiello-Lammens et al., 2015). At the end of this process, we obtained 232 validated occurrence records, 123 for S. midas and 109 for S. bicolor. Out of the 232 records used in the analysis, 229 correspond to the period between 2005 and 2021. The three previous occurrences date back to 1983 and 2001 for S. bicolor and 1984 for S. midas. These occurrences were retained as they originate from regions where obtaining recent records for the species was not possible.




2.3 Environmental data

We compiled a set of 23 environmental variables that describe variations in temperature, precipitation, forest structure, habitat characteristics vegetation, soil and human impact. These factors have been shown to affect the distribution of our study species (Vidal and Cintra, 2006; Rodrigues and Vidal, 2011; Gordo, 2012; Gordo et al., 2013; Mittermeier et al., 2021). Furthermore, human activities have important implications for the invasive potential of generalist species (Gallardo et al., 2015).



2.3.1 Climatic data

We obtained bioclimatic variables from Worldclim V. 2.0 (http://www.worldclim.org/; Fick and Hijmans, 2017), for the period between 1970 and 2000, at 30 arc-seconds resolution. Since several of the 19 available bioclimatic variables are strongly related, we selected a subset of climatic variables for which we had evidence or which were strong candidates to be ecologically important for both species. The included bioclimatic variables were isothermality (BIO3), temperature seasonality (BIO4), precipitation of the wettest month (BIO13), precipitation of the driest month (BIO14), precipitation seasonality (BIO15) and precipitation of the warmest quarter (BIO18). Precipitation and temperature are important factors driving platyrrhine primate distributions and density in general (Wiederholt and Post, 2010; Duran et al., 2013; Cavalcante et al., 2020; Rabelo et al., 2020), including callitrichids specifically (Ochoa-Quintero et al., 2017; Braz et al., 2019; Rezende et al., 2020; Arias-Gonzalez et al., 2021). Furthermore, variations in temperature and precipitation influence insect biomass (Hernández-Zul et al., 2013; Ribeiro et al., 2013) and fruit productivity (Peres, 1994; Wiederholt and Post, 2010; Gordo, 2012), which form the basis of the diet of S. midas (Pack et al., 1999) and S. bicolor (Gordo, 2012). For example, for some grasshoppers (Orthoptera: Acrididae), an important item in the diet of species of Saguinus (Sussman and Kinzey, 1984; Ferrari, 1993), precipitation and temperature are the most important factors explaining variations in population density (Scattolini et al., 2020; Kistner-Thomas et al., 2021).




2.3.2 Vegetation index and forest structure

Vegetation traits influence the distribution of different Saguinus species, a group with wide amplitude of habitat use (e.g., primary forests: Gordo et al., 2008; Rodrigues and Vidal, 2011; edge habitats, dense understories and second growth: Rylands and Keuroghlian, 1989; Ferrari, 1993; disturbed, anthropized and peripheral habitat: Ferrari, 1993; Gordo et al., 2013). Therefore, we used the Normalized Difference Vegetation Index (NDVI) as a proxy for vegetation density and quality within each raster cell (Ponzoni and e Shimabukuro, 2007). Values of NDVI can range from -1 (water or bare ground) to 1 (healthy and dense vegetation) (Fitzgerald et al., 2018). This satellite-derived remote sensing metric has proven very useful in ecological studies, helping to improve our understanding of species-environment relationships (He et al., 2015). In some ecological niche models, for example, NDVI was an important variable in discriminating suitable from unsuitable habitat for primate species (Willems et al., 2009; Fitzgerald et al., 2018). This variable also accounts for the great variability in habitat use described for Saguinus species. To represent the current vegetation conditions, we downloaded a mosaic of raster images available at NASA’s Land Processes Distributed Active Archive Center (LP DAAC) website (lpdaac.usgs.gov/products/mod13a2v006/). The images were obtained by the MODIS sensor and are available with the NDVI values already processed at 30 arc-second spatial resolution (Didan, 2015). We used images from June 2020 to May 2021 to capture annual phenological variation (Bradley et al., 2011), calculating an arithmetic mean to create a final NDVI raster for the entire study area. Final raster values ranged from -0.19 to 0.89, indicating sparse to dense vegetation cover, respectively.

Canopy height (CH) was another factor that we considered ecologically relevant for the study species. The ability of arboreal mammals to travel, access resources or avoid predation, is highly influenced by the three-dimensional space of their habitat. Some studies have already demonstrated the importance of canopy height in describing habitat suitability for Neotropical primates (Palminteri et al., 2012; Gouveia et al., 2014; McLean et al., 2016), including callitrichids (Pyritz et al., 2010). Specifically for our two study species, Sobroza et al. (2021c) reported that S. midas shifted its vertical occurrence to higher strata in response to increased precipitation; this phenomenon was observed in areas of allopatry as well as sympatry with S. bicolor. However, this pattern was not evident in S. bicolor. To represent forest height and structure, we used a 30-m spatial resolution global forest canopy height map available at the Global Land Analysis and Discovery (GLAD) laboratory (https://glad.umd.edu/dataset/gedi/).




2.3.3 Human footprint

Human activities are also important drivers of species distributions, especially when predicting a species’ invasive potential (Acevedo et al., 2007; Gallardo et al., 2015; Pacifici et al., 2020). Saguinus bicolor and S. midas are known to occupy habitats with relatively high anthropogenic pressure and are known to adapt to landscape modifications (Ayres et al., 1982; Rylands and Keuroghlian, 1989; Ferrari, 1993; Röhe, 2006; Gordo et al., 2013). Previous studies hypothesized that S. midas is invading areas previously occupied only by S. bicolor and this invasion has been favored by the opening of roads and consequent changes in structure and availability of habitat (Ayres et al., 1982; Röhe, 2006).

To assess the influence of anthropogenic pressure and habitat modification on species distribution, we used the Global Human Footprint as a proxy to represent the extent of anthropogenic modification in our study area. We used the Dataset of the Last of the Wild Project, Version 2, 2005 (LWP-2) (WCS and CIESIN, 2005) available at 30 arc-second grid cell sizes. This variable is the Human Influence Index (HII) normalized by biome and realm. HII is based on nine layers of global data including population density patterns, land configurations (built-up areas, land use and land cover), electrical infrastructure and proxies to human access (i.e., coastlines, roads, railroads and navigable rivers). The dataset was produced by the Wildlife Conservation Society (WCS) and the Columbia University Center for International Earth Science Information Network (CIESIN) and can be accessed at https://sedac.ciesin.columbia.edu/data/set/wildareas-v2-human-footprint-geographic.




2.3.4 Soil nutrient concentration

Soil properties have also been reported to affect habitat use of Saguinus species at the local scale (Cárdenas Ramírez et al., 2021). Among the chemical characteristics of soils, the sum of the concentrations of exchangeable bases (or Sum of Bases; hereafter SB) has been shown to be a relevant indicator of nutrient concentration in soils. SB has been consistently related to floristic variation across the Amazonian lowland forests (Phillips et al., 2003; Pitman et al., 2008; Higgins et al., 2011; Tuomisto et al., 2016). Therefore, it determines forest characteristics, productivity and resource availability, which are potential drivers of the distribution of Saguinus species at the regional scale.

The SB maps availables for Amazonia are based on models that are fitted for the whole bioma (Zuquim et al., 2019, 2023). To improve local accuracy, we used the same approach of broad scale models, but restricting the model fit to our study region. Therefore, we created a raster of SB concentration focused on our study region. We applied a method proposed by Zuquim et al. (2019) to generate maps of the SB (Ca + Mg + K measured in cmol(+)/kg) that minimizes soil sampling data paucity by complementing field measurements with soil values estimated using indicator species records (Zuquim et al., 2014). We used the same direct and indirect soil estimates locations available in Zuquim et al. (2019) study to generate a soil map for our study area at 30 arc-second resolution. We evaluated map accuracy by using a 5-fold leave-one-out cross-validation procedure to access the mean squared deviation ratio (MSDR), the root mean squared error (RMSE) and the mean error (ME) (Brus et al., 2011; Vašát et al., 2013).

The mean square deviation ratio (MSDR) was 1.03, where values close to 1 indicate accuracy. The root-mean-square error (RMSE) was 0.54 and the mean error (ME) was 0.001945757. Smaller values of RMSE and ME indicate greater accuracy. The raster of soil cation concentration accuracy measures were satisfactory and therefore were used in ecological niche models.





2.4 Data analyses

We adopted a 30 arc-second resolution (~1 km near the Equator) in the analysis to match the original resolution of most of the environmental variables and because Saguinus species are known to have small home range sizes. Available home range estimates fluctuate between 32 and 145 ha (e.g. S. geoffroyi 32ha: Dawson, 1979; S. inustus 35ha: Palacios et al., 2004; S. midas 39ha: Kessler, 1998; S. labiatus 56ha: Rehg, 2006; S. bicolor 110ha: Gordo et al., 2008; S. mystax 145ha: Peres, 1993). We also expect that this resolution reflects the level at which biotic interactions between the species play a role (Acevedo et al., 2007; Sobroza et al., 2021a, b). Furthermore, the spatial resolution of our cleaned occurrence data is also at 1 km2. Canopy Height (CH) was rescaled to 30 arc-second resolution using the bilinear interpolation method, with the resample function in the raster package (Hijmans et al., 2018). All the other variables were already obtained at 30 arc-seconds resolution.



2.4.1 Multicollinearity among predictors

After defining our set of variables (n = 10: Table 1), we conducted a statistical variable selection procedure to ensure high predictability and minimize multicollinearity among predictor variables which is known to cause overfitting (Sillero et al., 2021). For this purpose, we calculated the variance inflation factor (VIF) with the vifcor function of the usdm R package (Naimi et al., 2014). This function first finds the pair of variables that has the maximum linear correlation (greater than a threshold), and exclude the one variable that has the greater VIF value. The function repeats the procedure until no covariates with high correlation coefficients are retained (Naimi et al., 2014). We set our correlation threshold to 0.5 and VIF criterion lower than 3. At the end, we retained seven variables that were used to model species distributions (Table 1).


Table 1 | Environmental variables that presumably influence the geographic distribution of S. bicolor and S. midas.






2.4.2 Niche modelling and model evaluation

We used the support vector machine (SVM) algorithm to model environmentally suitable areas for both species. SVM stands out as a nonparametric machine learning technique utilized for both regression and classification tasks, notably prevalent in ecological niche modeling (Guo et al., 2005; Drake et al., 2006; Giovanelli et al., 2010; Ashraf et al., 2017). Furthermore, its efficacy extends to enhancing the accuracy of range boundary estimations for closely-related parapatric species (Kass et al., 2021). The accuracy and reliability of ENMs built with SVMs have been examined extensively in prior studies (Drake et al., 2006; Giovanelli et al., 2010; Duan et al., 2014; Valavi et al., 2021).

Machine learning method results are slightly different every time a model is calibrated for the same dataset (Phillips et al., 2006, 2017). Consequently, it is important to train the model several times for the same dataset to evaluate if the results are stable across iterations, especially when using random selection of training and testing records (Guisan et al., 2017; Sillero and Barbosa, 2020). Additionally, the spatial configuration of the training data can affect the performance of species distribution models (Chaves et al., 2022). For this reason, we ran 100 model replicates for each species, and randomly divided our occurrence data for each run into 70% training and 30% testing data partitions.

For the sample selection of background points, we used the modelling strategy proposed by Liu et al. (2019) for SVM algorithms, which is expected to produce models with higher accuracy, specially for rare species (low prevalence) with few true presences. It is based on a small multiplier strategy, i.e. setting the number of random points a few times greater than the training dataset. For both species, we used a ratio of 4 random points for each true presence (see Liu et al., 2019 for details).

We used two evaluation metrics to assess the predictive performance of the models: the area under the receiver operating characteristic curve (AUC) and true skill statistic (TSS) metrics. All models with AUC values above the mean of the 100 replicates were retained to obtain the final probabilistic predictions (see Supplementary Figures 1, 2 of the Supplementary Material). We also calculated the standard deviation of the predicted suitability values for the 100 runs for each taxon (see Supplementary Figure 3 of the Supplementary Material).




2.4.3 Areas of potential coexistence and potential invasion scenarios of Saguinus midas

We reclassified the suitability maps for each species into three categories (following Acevedo et al., 2007) according to the habitat suitability model scores: low habitat suitability (0–0.33); moderate habitat suitability (0.34–0.66); and high habitat suitability (0.67–1). We summed these classified maps to identify areas of potential coexistence. Areas of overlapping high habitat suitability for both species, were classified as having a high potential for coexistence, whereas areas with high suitability for one species and moderate suitability for the other were classified as having a medium potential for coexistence. The sum of these areas was considered an area of potential coexistence of the two species.

Subsequently, we delineated the EOO for S. bicolor. According to the IUCN (2019), the EOO “must encompass all known, inferred or projected sites of present occurrence of a taxon”. Following these guidelines, we used all known occurrence records for the species, the habitat suitability maps and expert knowledge of the target species and study area. First, we drew a minimum convex polygon (MCP) around all occurrence records, plus a 4.5 km buffer (Gutiérrez et al., 2014; IUCN, 2019). We chose this buffer distance considering known home range sizes for the species (Gordo et al., 2008), and its dispersal ability (M. Gordo found a 3.1 km dispersal ability for S. bicolor, unpublished data from 2021; Dawson, 1979, found an average daily path length of 2061 ± 402 m for Saguinus geoffroyi). Then, we added to this convex hull, areas identified as having moderate or high habitat suitability for the species (IUCN, 2019; Kass et al., 2021). Finally, we drew the boundaries for the EOO polygon at the east, west and south of the distribution of S. bicolor using rivers that are known to limit its occurrence. We used the same MCP + buffer procedure to delineate the southern limits for the EOO polygon of S. midas. We added to this polygon a potential area of contact between S. midas and S. bicolor based on expert knowledge. We did not consider any other areas for S. midas beyond its respective MCP and buffer to allow a realistic assessment of the potential invasion scenarios.

For the potential invasion scenarios, we quantified areas of moderate and high habitat suitability for S. midas within the EOO of S. bicolor. We defined as a conservative invasion scenario when only areas of high habitat suitability for S. midas were within the EOO of S. bicolor, and a worst-case scenario, in which the sum of the moderate + high suitability areas for S. midas were within the EOO of S. bicolor. For spatial analyses, boundary delimitation, and area calculations, we employed QGIS 3.4.13, coordinate system SIRGAS 2000, Zona UTM 20S (QGIS Development Team, 2024).




2.4.4 Niche overlap and similarity test

We used the similarity test, as proposed by Broennimann et al. (2012), to assess the niche overlap between S. bicolor and S. midas across our study area. This method is based on the density of species occurrences in gridded environmental space. For this, we performed a Principal Component Analysis (PCA) with the 7 variables and all species occurrences used in the modeling and selected the first two principal components which we then used to calculate the Schoener D index (Schoener, 1968). This index ranges from 0 (= equivalent to no overlap in the environmental space) to 1 (= the two species completely sharing the same environmental space). The hypothesis of niche similarity is accepted when these empirically observed niche overlap estimates are significantly different from the values expected from 1000 randomly generated simulated values (see Warren et al., 2008; Broennimann et al., 2012). For this analysis, we used the functions available from the ecospat package, version 3.0 (Di Cola et al., 2017). Niche overlap visualizations were obtained using the niceOverPlot function for R, developed by J. Fernández-López (Real Jardín Botánico, Madrid, Spain). We finally used the ecospat.grid.clim.dyn function in the ecospat R package to compare ecological differences and similarities along individual gridded environmental gradients (R Core Team, 2021).






3 Results

We delimited the southeastern limit of the EOO of S. bicolor using a new occurrence record found during this study. We used the Urubu and Cuieiras rivers to delimit the eastern and western limits of the S. bicolor EOO, respectively. These rivers are considered geographic barriers for S. bicolor (Röhe, 2006; Gordo, 2012), but this is not true for S. midas, as this study recorded the species on both banks of Cuieiras (west) and Urubu rivers (east). The northern limit has no natural geographic barrier, but was delimited by a minimum convex polygon connecting all occurrence points, areas considered highly and moderately suitable and accessible, plus a 4.5 km wide buffer. The resulting EOO of S. bicolor had 8,354 km2 (Figure 2).




Figure 2 | Map of the extension of occurrence (EOO) of S. bicolor (in green). The background image is based on satellite images from Google Earth and watercourse metadata from the Brazilian National Water Agency.





3.1 Ecological niche models

ENMs predicted that most of our study area was environmentally more suitable for S. midas than for S. bicolor. Areas with higher habitat suitability for S. bicolor were mostly concentrated within and around the city of Manaus, while S. midas showed broader areas of highly suitable habitats, mainly in the northwestern and southeastern limits of our study area (Figure 3). The models showed good accuracy and predictive performance based on the average score of AUC and TSS. For S. bicolor, AUC = 0.814 ± 0.045 and TSS = 0.574 ± 0.077 and for S. midas, AUC = 0.898 ± 0.030 and TSS = 0.733 ± 0.060 (mean ± SD).




Figure 3 | Habitat suitability maps. (A) General habitat suitability for S. bicolor; (B) Reclassified habitat suitability map for S. bicolor; (C) General habitat suitability for S. midas; (D) Reclassified habitat suitability map for S. midas.



The reclassified maps predicted an area of approximately 2,482 km2 with moderate (1,517 km2) and high (965 km2) habitat suitability for S. bicolor, which constitutes approximately 8.9% of our study area of 28,020 km2 and 29.7% of the EOO of S. bicolor (Figure 2). However, 1,609 km2 of the 2,482 km2 area with moderate and high habitat suitability for S. bicolor (64.8% of the area of moderate and high suitability EOO of S. bicolor) also has moderate or high habitat suitability for S. midas. Only 873 km2 (35.2% of moderate and high suitability EOO of S. bicolor and 10.5% of the total EOO of S. bicolor) are areas exclusively suitable for S. bicolor. Out of the 873 km2 of areas exclusively suitable for S. bicolor, 498 km2 are located in urban or projected urban expansion areas, as foreseen in the Master Plan of the City of Manaus (2021) and only 375 km2 are found in rural areas. For S. midas, the areas estimated as having moderate and high habitat suitability comprises approximately 49.2% of our study area (13,787 km2) and 63.8% of S. bicolor EOO (5,328 km2).




3.2 Potential coexistence and invasion scenarios

The models predicted an area of potential coexistence of 996,4 km2 (11.9% of S. bicolor EOO). These areas are intersected by one of the main federal roads (BR-174) in a north-south direction. Out of this total, only a small area at the northern limit of the S. bicolor EOO was classified with a high potential of coexistence (30 km2 or 0.36% of S. bicolor EOO, Figure 4).




Figure 4 | Areas of potential coexistence between Saguinus midas and Saguinus bicolor. In dark green the areas of high probability of coexistence (highly suitable for both species).



The ENM predicted that large areas of the EOO of S. bicolor had low habitat suitability for S. bicolor (5,872 km2 or 70.3%). In addition, 3,721 km2 (44.5%) of the EOO had low habitat suitability for S. bicolor, but medium or high habitat suitability for S. midas, which could facilitate invasion by the latter species. When considering S. midas as having the capacity to invade only areas with high habitat suitability (i.e., the conservative invasion scenario), we found that an area of 857.3 km2 within the S. bicolor EOO is potentially colonizable by S. midas. These areas are mainly located in the northern limits of the EOO of S. bicolor and constitute 10.3% of its EOO (Figure 5). There is also a small area of high habitat suitability for S. midas located at the southeastern limit of the EOO of S. bicolor, on the right bank of the Urubu River.




Figure 5 | Areas of potential invasion of S. midas in the extent of occurrence of S. bicolor. (A) Conservative scenario, including areas of high suitability of habitat for S. midas and (B) Worst scenario, including areas of medium and high suitability of habitat for S. midas. The yellow dots are the occurrence records for S. midas groups.



The area of the EOO of S. bicolor potentially suitable for invasion increases considerably when we include areas of moderate habitat suitability for S. midas (i.e., the worst-case scenario). In this case, we calculated a total area of 5,113 km2, which constitutes 61.2% of the EOO of S. bicolor. These areas are located mainly in the northern segment of the EOO of S. bicolor, extending towards the city of Manaus, on the left bank of the Cuieiras River and the right bank of the Urubu River. The areas of moderate habitat suitability for S. midas also include the eastern limit of the EOO of S. bicolor, on the right bank of the Urubu River.




3.3 Niche overlap

PCA axes 1 and 2 accounted for 38% and 22% of the ecological variation in the occurrence records of both species (Figure 6). In axis 1, the variables that most influenced the ecological variation were human footprint and forest height. In axis 2, the variables that most influenced the ecological variation were NDVI and Bio18 (precipitation of warmest quarter), (see Supplementary Table 1 in the Supplementary Material).




Figure 6 | Niche overlap between S. bicolor (in blue) and S. midas (in red). The central graph represents the niche overlap between the two species in the two main axes of the PCA. In the upper margin we have a graph representing the niche overlap on axis 1 and on the right margin a graph representing the niche overlap on axis 2.



The similarity test indicated that the two niches were more similar to each other than to randomly selected niches (Schoener’s D = 0.39, p=0.013, see Supplementary Figure 4 in the Supplementary Material). The occurrence densities for S. bicolor along the anthropogenic gradient (human footprint variable) were higher in areas with higher anthropogenic pressure when compared to what we found for S. midas. In the gradient representing canopy height, the occurrence densities for S. midas were higher in the higher strata of the canopy, reaching 40 meters, while for S. bicolor it ranged from 0 meters (anthropized areas) to a maximum of 30 meters. In the soil properties gradient, the occurrence densities for S. midas were higher in soils with higher exchangeable base cations when compared to S. bicolor, where the occurrence densities were higher in soils with lower exchangeable base cations (See Supplementary Figures 5–7 in the Supplementary Material).





4 Discussion

In this study, we used ENMs to assess habitat suitability and predict the geographic distribution of the critically endangered primate Saguinus bicolor, and its potential competitor S. midas. We also estimated the current extent of occurrence of S. bicolor, and, in order to investigate the invasive potential of S. midas, we evaluated the habitat suitability in this area for the latter.

Our findings revealed that extensive areas of the EOO of S. bicolor (44.5%) has greater habitat suitability for S. midas then S. bicolor, which suggests a high potential for invasion by the former. Furthermore, S. midas has traits characteristic of species that have experienced recent range expansions, including being small-bodied and a habitat and resource generalist (Pacifici et al., 2020). Additionally, it occupies a large area of the Guiana Shield across which it experiences a broad range of habitats and resources. However, the two species are known to exhibit similar morphological, life history, and reproductive characteristics. Saguinus bicolor has an average weight of 513g with a standard deviation of 47.8g (n=41) (Gordo, 2012), while S. midas averages 590g with a standard deviation of ±70.7g (n=23) (Pack et al., 1999). The average head-body length for S. bicolor is 280-320mm (Gordo, 2012), compared to 230mm for S. midas (Hershkovitz, 1977). Typically, only one female per group breeds during a given season, with births usually being twins. Both species reach sexual maturity at around 2 years of age and have a generation time of approximately 6 years (Harvey et al., 1987; Gordo, 2012). The diet of the two species also appears to be highly similar (Pack et al., 1999; Gordo, 2012). These similarities make the species functionally analogous within their ecosystems, suggesting that differences in the use of their ecological niches may be influencing their distribution patterns. Nonetheless, previous studies have already suggested that S. midas is the more adaptable species (Ayres et al., 1982), and is likely to have a competitive advantage over S. bicolor (Ayres et al., 1982; Röhe, 2006; Sobroza et al., 2021a). This is supported by de Oliveira (2014) who reported that S. midas has a population growth rate three times greater than that observed for S. bicolor. Similarly, Farias et al. (2015) carried out a conservation genetic study that indicated a decreasing demographic trend for S. bicolor populations, which started at least 13,000 years ago.

The current EOO of S. bicolor (8,354 km2) estimated in this study is 854 km2 larger than the EOO proposed by Röhe (2006). This expansion of EOO includes an area of approximately 450 km2 located in the northeastern section of our study area, where we documented eight new occurrence records for S. bicolor. Due to difficulties in accessing this area, this region was not sampled in previous studies, but with the recent opening of new dirt roads - a concerning factor since this is a vector for anthropogenic occupation and deforestation - it was possible to observe S. bicolor groups in this area. However, even with the occurrence records of S. bicolor, our model did not predict it as an area of ​​medium or high habitat suitability for the species. Similarly, despite records of groups of S. midas, our models were not able to predict it as an area of potential coexistence. The lack of prediction for these areas as medium or highly suitable habitats or potential coexistence zones may be attributed to several factors (Kass et al., 2021; Sillero et al., 2021). Despite our careful efforts to avoid this type of bias in our sampling design, the data used to construct the models may have underrepresented areas that are indeed suitable but difficult to access, favoring occurrences in easily accessible areas. Additionally, species can disperse beyond their theoretical habitat suitability due to factors such as competition or human-mediated movement (Broennimann et al., 2012; Wisz et al., 2013). This means that even if an area is not predicted as suitable by the model, species might still be present due to their ability to move and adapt to different conditions. Similarly, variables not accounted for in the model could influence the presence of species in areas of low suitability (He et al., 2015; Kass et al., 2021). Environmental factors such as microclimate variations or specific interspecies interactions might lead to inaccuracies in predicting suitable habitats.

Even with this increase in area, S. bicolor still has one of the lowest EOOs of any Neotropical primate, which makes it particularly susceptible to anthropogenic threats such as deforestation and global warming, as well as ecological pressures like interspecific competition and stochastic events (Gaston and Spicer, 2001). Furthermore, it is concerning that only a small part (29.7%) of EOO of S. bicolor has high or moderate habitat suitability, of which only 35.2% (873 km2) is more suitable for S. bicolor than S. midas.

We did not record groups of S. bicolor on the east bank of the Urubu River, corroborating the findings of Subirá (1998) and Röhe (2006). This, however, contradicts the inferred presence of S. bicolor between the Urubu and Uatumã rivers by Ayres et al. (1982), who, however, did not report how occurance records were collected (i.e. direct observations by the author or citizen reports). In this area, the squirrel monkey (Saimiri sp.) is commonly called ‘suim,’ which is also the common name for S. bicolor. Therefore, it is likely that the name ‘suim’ may have been incorrectly recorded as S. bicolor by Ayres et al. (1982). Given this and that no other researcher besides Ayres et al. (1982) reported or registered S. bicolor between the Urubu and Uatumã rivers, we considered the records of S. bicolor in this interfluve as doubtful.

We recorded 19 groups of S. midas and two mixed groups in the areas indicated as highly suitable for S. midas within the EOO of S. bicolor. The areas of moderate and high suitability together have a total of 23 records of S. midas (Figure 5). The fact that S. midas is already occupying part of the EOO of S. bicolor associated with the fact that the areas of the EOO of S. bicolor previously occupied by S. bicolor (Ayres et al., 1982; Subirá, 1998; Röhe, 2006) are now occupied by S. midas demonstrates that the invasion process is underway. These areas are located inside the northern portion of the EOO of S. bicolor and are areas relatively anthropized, intersected by the federal BR 174 road and associated land use change. The invasion process could also be taking place in primary forest areas, but detecting this is more difficult. Peaceful associations between the species were recorded in two mixed groups recorded in this study, as Röhe (2006) also reported (four cases), but in contrast to Subirá (1998). This brings a new perspective regarding the skittish interaction between the two species as a conditioning factor for the observed spatial segregation. The latter author suggests that interactions are aggressive, where S. midas invariably attacks S. bicolor, being the competitively dominant species, which was not observed in this study.

The right (western) bank of the Urubu River is the current eastern limit of distribution of S. bicolor. However, we also registered nine occurrences of S. midas on the west bank of the Urubu River in areas of high and moderate suitability for S. midas. This is an observation that deserves attention, since the southern portion of the Urubu River is an Amazonian “várzea” area, considered a geographic barrier to westward movement of S. midas. At the other extreme of the distribution of S. bicolor, we also registered several occurrences of S. midas. These were on the left (eastern) bank of the Cuieiras River in areas of both high and moderate habitat suitability for the species and within the EOO of S. bicolor. Therefore, while S. midas is present on both banks of the Cuieiras and Urubu rivers, they appear to act as barriers to the movement of S. bicolor and delineate its EOO.

Contrary to our expectation, we did not identify extensive areas of coexistence between the species. The few areas of coexistence we identified in this study are just outside the northern city limit of Manaus (Figure 4). We registered 37 occurrences of S. bicolor and 15 occurrences of S. midas within the area of potential coexistence. We documented five occurrences of both species groups co-occurring within the potential coexistence area, two of which were reported by Röhe (2006) and three observed in this study. This area is intersected in the north-south direction by the federal BR-174 road, which serves as a conduit for human occupation and deforestation. Ayres et al. (1982) suggested that anthropogenic changes in the landscape could be favoring the occupation of these areas by S. midas. However, we cannot exclude the possibility that the documentation of these occurrences is caused by a greater sampling effort, since these are areas that are routinely inspected. We cannot rule out the possibility that the same is occurring in continuous forest areas, where this type of observation is more difficult to detect. These records reinforce the ecological significance of our models by indicating that the species are indeed sharing the areas designated as potential zones for coexistence. However, it is worth noting that the models did not predict areas of potential coexistence in the northeast portion of the contact area, underscoring the need for more sampling data in the region to enhance the accuracy of our models.

As expected, due to their recent evolutionary divergence (Brcko et al., 2022; Lopes et al., 2023), we found high niche similarity between the two species explained. Despite substantial niche overlap, S. midas was observed in more diverse environments, and its occurrences were registered in habitats with greater amplitude of soil quality and canopy height. Saguinus bicolor were less tolerant to variation in soil nutrient concentration and in canopy height, but were observed in areas with greater human impact. Given the ecological and biological traits of S. bicolor, we can hypothesize several factors that may favor the species in human-impacted areas. As a species with a wide range of habitat use (Gordo et al., 2013), S. bicolor may be capable of exploiting new resources and tolerate or even thrive in human-altered environments. Habitat fragmentation can create edge habitats that some species exploit more effectively than continuous forests, providing unique resources or conditions they are adapted to use (Ries et al., 2004). Additionally, the species is often observed moving through human-impacted areas, which may serve as corridors or stepping stones between more conserved habitats, even if they are not ideal permanent habitats (Gordo et al., 2013). Furthermore, human-altered environments can sometimes reduce competition from other species, including potential predators (Ries et al., 2004). In conserved areas, more specialized and dominant species might outcompete generalists like S. bicolor, which can then find niches in human-impacted areas. Sobroza et al. (2021c) also found that S. midas expanded its vertical niche when in sympatry with S. bicolor relative to areas of allopatry, suggesting some level of ecological adjustment in response to shared habitats. These results reinforce the idea of S. midas being a more generalist species in contrast to S. bicolor.



4.1 Implications for conservation of S. bicolor

Assessing the potential of a species to expand its range into the range of another endangered species is crucial for science-based conservation and management. This is especially critical when the endangered species’ distribution comprises urban areas and the demographic expansion of the expanding species is driven by anthropogenic factors (Pacifici et al., 2020). Saguinus bicolor is one of the most threatened primate species in the Amazon (Schwitzer et al., 2019; Gordo et al., 2021), mainly due to threats related to human activities, such as deforestation and habitat fragmentation, in particular, the rapid expansion of the city of Manaus. Unfortunately, the entire area of urban and agricultural expansion in Manaus, facilitated by the expansion of the road network, has historically occurred in areas of occurrence and with greater habitat suitability for S. bicolor than for S. midas, and these trends are unlikely to change. Recent studies (Soares-Filho et al., 2005; Fearnside and de Alencastro Graça, 2009) indicate that these areas will continue to suffer intense anthropogenic pressure, which will result in further landscape changes and additional loss of habitat for S. bicolor. Additionally, the occupation of the small EOO of S. bicolor by S. midas, already pointed out in previous studies (Ayres et al., 1982; Röhe, 2006) and, as the present study indicates, with potential to increase, can also be considered a serious threat for S. bicolor. In view of this, conservation actions must be taken urgently, ensuring the maintenance and quality of the species’ habitat and natural ecological processes. Controlling deforestation becomes the most immediate measure to be considered. Within the 8,354 km2 EOO of S. bicolor only 873 km2 are of high and moderate suitability for S. bicolor and of low suitability for S. midas. However, excluding the urbanized areas of Manaus and the area destined for urban expansion by the municipal growth plan, only 375 km2 of areas that combine suitable habitats, low human pressure and low probability of invasion by S. midas remain. While relatively small, these strategic areas are located in the rural area of Manaus and represent strongholds that could greatly favor the long-term survival of S. bicolor. Therefore, the implementation of measures to prioritize these areas for conservation is essential.

While the prospects of long-term survival of S. bicolor are precarious, they are possible. Long-term survival can be achieved through a multi-pronged approach that involves all stakeholders, is proactive and long-term. We view as minimally necessary:

1) Creation of protected areas aimed at conserving the main habitat of S. bicolor and fostering the establishment of ecological corridors.

2) Connecting fragments of areas with high and moderate suitability for the species and promoting safety for animals moving between the fragments. Prioritizing connectivity efforts in rural areas north of Manaus and along roadways is essential to maintaining habitat connectivity for these species.

3) Developing strategies that ensure that public and mainly private areas have their use effectively regulated, keeping their federally legislated legal reserves and permanent protected areas connected and forming ecological corridors.

4) Developing strategies for owners of private areas to participate in conservation actions.

5) Monitor and prevent deforestation and the opening of illegal roads and its branches in priority areas for the conservation of the species.

6) Implementing an awareness campaign for the general public, and an education campaign in public and private schools.

Currently, the National Action Plan for the conservation of Saguinus bicolor is in progress, implementing several of these essential actions (Jerusalinsky et al., 2017). This strategic plan, started in 2011, is coordinated by the Instituto Chico Mendes for Biodiversity Conservation (ICMBio) and follows the guidelines established by the International Union for Conservation of Nature (IUCN). It has a general objective of “promoting the conservation of Saguinus bicolor and its habitat, implementing actions to revert the current trend of population decline of the species’’. Through studies followed by a proposal from the Pied Tamarin National Plan articulators, for example, the municipal government of Manaus was able to create a protected area of 1,010 hectares in 2018, strategically located in an urban area crucial for maintaining local populations of S. bicolor.

In June 2024, the Brazilian government created an important integral protected area for the species. The Sauim-de-coleira Wildlife Refuge, encompassing 15,300 hectares within the Rio Preto da Eva – Rio Urubu interfluve, is considered strategic for maintaining the connectivity of the S. bicolor habitat. This protected area was planned based on studies coordinated by the Pied Tamarin National Plan, which initially, through a Population Viability Analysis (PVA), established that a minimum viable population for S. bicolor consists of 500 individuals in an area of at least 10,000 hectares (Campos et al., 2017). Following this, habitat connectivity analyzes indicated some target areas, one of which was chosen and converted into a protected area. It is now necessary to implement adequate management of the area, which includes actions that guarantee the protection of the species with the needs of the community members who live in and use the area.

In addition to the progress made in creating protected areas, it is worth highlighting the role of the action plan in structuring the captive program for the species. In 2016, there were only 24 individuals of S. bicolor being kept in 5 Brazilian institutions, most of which had difficulty in properly managing these animals. After a series of agreements and training, in 2024 we reached 75 individuals in 13 institutions, with the prospect of increasing the number of partners, including foreign institutions. The action plan also contributed to improving licensing processes in areas where S. bicolor occurs by providing licensing agencies with essential technical information. This includes identifying priority areas for the species’ conservation and proposing mitigation and compensation measures for locations where interventions and human impacts are necessary.

The researchers involved in the action plan emphasize the critical importance of improving habitat quality and connectivity for the species, mitigating human-induced mortality, upholding and restoring legal reserves and permanent protected areas, and implementing environmental education initiatives as key priorities for conserving this iconic Amazonian species. The findings of this study can support policy decisions on land use, prioritize areas for monitoring the advancement of S. midas into regions currently occupied by S. bicolor, and identify recommended areas for establishing new protected zones. In this way, we can prevent further population declines of one of the most threatened primate species in the entire Amazon.
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