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The brown howler, Alouatta guariba, endemic to the Atlantic Forest of Brazil and Argentina, is threatened by habitat loss and fragmentation, hunting, and its susceptibility to yellow fever. Two subspecies have been recognized, but their names, validity, and geographic ranges have been controversial. We obtained samples covering the species' entire distribution in Brazil and Argentina to clarify these issues by investigating their genetic diversity and structure and assessing their evolutionary history. We analyzed, for the first time, a set of ten microsatellite markers (N = 153), plus mitochondrial DNA (mtDNA) segments of the control region (N = 207) and cytochrome b gene (N = 116). The microsatellite data support two to three genetic clusters with biological significance. The southern populations (Argentina, Santa Catarina, and Rio Grande do Sul) presented a homogeneous genetic component, and populations from São Paulo (SP) to the north presented another component, although most presented ∼20% of the southern component. With K = 3, SP emerged as a third component while sharing some ancestry with Rio de Janeiro and Argentina. The mtDNA phylogenies revealed three main clades that diverged almost simultaneously around 250 thousand years ago (kya). Clades A and B are from central SP to the north and east, while clade C is from SP to the south and southwest. Samples from SP presented haplotypes in all three clades, sometimes in the same population. The demographic history of the species estimated with the Bayesian skyline plot of the mtDNA showed a strong expansion ∼40–20 kya and a strong reduction over the last ∼4–2 kya. Although the genetic clusters identified here deserve appropriate management strategies as conservation units, the absence of (i) concordance between the mtDNA and microsatellite data, (ii) reciprocal monophyly in the mtDNA, and (iii) clear-cut non-genetic diagnostic characters advises against considering them as different taxonomic entities. None of the previous taxonomic proposals were corroborated by our data. Our results elucidate the taxonomy of the Atlantic Forest brown howler, indicating it should be considered a monotypic species, A. guariba. We also clarify the evolutionary history of the species regarding its intraspecific genetic diversity, which is crucial information for its conservation and population management.
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1 INTRODUCTION
The brown howler monkey, Alouatta guariba (É. Geoffroy Saint-Hilaire in Humboldt & Bonpland, 1811: p.355), is endemic to the Atlantic Forest of Brazil and Argentina. It occurs in eight states along eastern, southeastern, and southern Brazil, in the states of Bahia, Espírito Santo, Minas Gerais, Rio de Janeiro, São Paulo, Paraná, Santa Catarina, and Rio Grande do Sul, and in the Argentinian province of Misiones (Jerusalinsky et al., 2021). The type locality provided by Humboldt was merely “Brazil,” but Cabrera (1957) restricted it to the “Rio Paraguaçú [just north of the state capital, Salvador] in the state of Bahia, Brazil” (Figure 1), indicating a geographic distribution that included the Atlantic Forest of the states of Bahia, Espírito Santo, and Minas Gerais. Gregorin (2006) rightly pointed out that Cabrera’s restriction was not based on any reference specimen and should, as such, be considered invalid.
[image: Figure 1]FIGURE 1 | Sites (N = 65) where 223 brown howler monkey samples (Alouatta guariba) were collected in eastern Brazil and northeastern Argentina for the present study. We know only the state of origin for 20 of the samples, so the collecting sites are not shown on the map. The species distribution range was adapted from the IUCN Red List of Threatened Species (Jerusalinsky et al., 2021). The boundaries by the IUCN Red List (Rio Jequitinhonha) and CPB/ICMBio (Rio Doce) for Alouatta guariba guariba (Neves et al., 2018; 2021) and Alouatta guariba clamitans (Bicca-Marques et al., 2018; Buss et al., 2021) correspond to those proposed by Kinzey (1982) and Rylands et al. (1988), respectively. The range of Alouatta fusca is according to Gregorin [2006—adapted from Povill et al. (2023)]. Brazilian State abbreviations: BA, Bahia; MG, Minas Gerais; ES, Espírito Santo; RJ, Rio de Janeiro; SP, São Paulo; PR, Paraná; SC, Santa Catarina; RS, Rio Grande do Sul.
The species was once referred to as Alouatta fusca, named Stentor fuscus É. Geoffroy Saint-Hilaire, 1812: p.108. Hershkovitz (1963) believed that the name “guariba”, mentioned by Geoffroy Saint-Hilaire (1806), was a junior synonym of the red-handed howler, Alouatta belzebul (Linnaeus, 1766), which would thus be a senior homonym of Simia guariba listed by Humboldt (1811), disallowing the use of “guariba” for naming another member of the genus. Rylands and Brandon-Jones (1998) argued that Geoffroy Saint-Hilaire (1806) wrote it only as a vernacular name, not as a binomial. It was not, as such, a homonym, and Humboldt’s S. guariba, attributed to Geoffroy Saint Hilaire and published two months before A. fusca (cf. Thomas, 1913), was as such valid. Gregorin (2006), however, in his exhaustive and detailed review of the Brazilian howlers, re-affirmed the stance of Hershkovitz in considering that “guariba” was indeed a junior synonym of A. belzebul and maintained A. fusca, emphasizing the confusion of Humboldt’s 1811 treatment of the howler monkey taxonomy. For the present, at least, A. guariba has prevailed over A. fusca, following Cabrera (1957), Hill (1962), Rylands and Brandon-Jones (1998) and Groves (2001; 2005).
A subspecies was described in 1940: A. guariba clamitans Cabrera, 1940: p.404. Its type locality was given as “Alto da Serra, São Paulo,” which was imprecise. Cabrera (1957) subsequently restricted it to the “Serra da Cantareira, São Paulo” merely, however, on the basis of its abundance there, as had been indicated by Vieira (1944) (Figure 1). Gregorin (2006) provided a more precise type locality based on a lectotype—“São Sebastião, [on the coast of the] state of São Paulo” (Figure 1). Cabrera (1957) indicated a geographic distribution for this subspecies encompassing the states of Rio de Janeiro, São Paulo, Paraná, Santa Catarina, and Rio Grande do Sul, extending into the Atlantic Forest of the province of Misiones in Argentina, implying that the nominate form was restricted to the states of Espírito Santo, eastern Minas Gerais and Bahia, south of the Rio Paraguaçú. As such, the two subspecies were named the northern brown howler (A. g. guariba) and the southern brown howler (A. g. clamitans). To avoid confusion, from here on, we will refer to both as subspecies and Gregorin’s A. fusca (see below) as A. g. guariba.
The taxonomy and the geographic distributions of the two named subspecies have been, however, to this day, subjects of much debate, with the differing nomenclatures and no understanding of a precise or even fuzzy delimitation of their ranges, despite much prospection based on pelage color, cytogenetic analysis, and molecular genetic studies based on mitochondrial DNA (mtDNA). Gregorin’s (2006) taxonomic review was based on pelage coloration and cranial and hyoid morphology. The variation in pelage in the brown howlers is considerable, and Gregorin concluded on this basis that the two brown howlers were distinct species: the southern A. g. clamitans he found to be sexually dichromatic—the female species darker than the male species—whereas the two sexes are similar in the northern A. g. guariba. The pelage color and patterns, however, are arguably insufficient to support their validity because they change across the species distribution, apparently according to a latitudinal gradient, with male species being lighter in southern regions and darkening to the north while, although less intense, the inverse process happens in female species. Some populations do not present sexual dichromatism (Gregorin, 2006). Remarkably, the color of their coats results from the reddish-colored secretion produced by epidermal glands, which is related to the level of testosterone and iron in the bloodstream (Hirano et al., 2003; Hirano, 2004). Thus, coat color may change throughout the species distribution, as the release of secretion may vary according to seasonal changes and environmental factors, such as the type of food available, weakening the pelage coloration patterns as a diagnostic character. Prior to Gregorin’s study, A. g. clamitans was considered to be the form in the southern and central part of the species’ distribution, and A. g. guariba was the form found in a more restricted area to the north, but the boundary between the two was undecided. Kinzey (1982) indicated that it was the Rio Doce in Minas Gerais and Espírito Santo, whereas Rylands et al. (1988) found evidence that it was the Rio Jequitinhonha, further north in Minas Gerais and Bahia. Gregorin (2006) identified a slightly different pattern, with A. g. guariba (his A. fusca) being largely restricted to the coastal areas in southern Bahia, north of the Rio Jequitinhonha and south of the lower Jequitinhonha into Espírito Santo, extending west somewhat to the middle Rio Doce basin in Minas Gerais. The southernmost locality he recorded was Teresópolis, in the state of Rio de Janeiro. In its Brazilian range, Gregorin recorded A. g. clamitans east of the Uruguay and Paraná rivers in Rio Grande do Sul, Santa Catarina, Paraná, and São Paulo and in coastal Rio de Janeiro. Populations further north were identified from the upper Rio Doce and on both the northern and southern banks of the middle to upper Rio Jequitinhonha, both in Minas Gerais. The pattern identified for the Rio Jequitinhonha valley conferred with observations made by Rylands et al. (1988). A genetic study by Povill et al. (2023) indicated three clades, two of the northern subspecies, A. g. guariba, and one of the southern subspecies, A. g. clamitans, and used ecological niche-modeling to predict their distributions. Their findings indicated that A. g. guariba occurs further south than had been previously recognized, extending well south of the Rio Jequitinhonha through Espírito Santo into eastern Rio de Janeiro, whereas A. g. clamitans extended north, inland from A. g. guariba from Rio de Janeiro to the Jequitinhonha valley in northeastern Minas Gerais—a proposal very similar to that of Gregorin (2006).
The species is threatened by habitat loss and fragmentation, hunting, trafficking for the pet trade, roadkill, electrocution, and dog attacks (Jerusalinsky et al., 2021; Chaves et al., 2022) and is especially susceptible to the yellow fever virus, with recent outbreaks resulting in the decimation of many of its populations (Almeida et al., 2012; Moreno et al., 2015). The synergistic effects of these threats have resulted in reduced and isolated populations and local extinctions throughout its distribution (Jerusalinsky et al., 2021; Oklander et al., 2022; 2024). These declines have resulted in its listing among the world’s most endangered primates (Oklander et al., 2022). It is currently categorized as Vulnerable on the IUCN Red List of Threatened Species (Jerusalinsky et al., 2021) due to its relatively large extent of occurrence with a recommendation that it should be elevated to Endangered.
Strategies for the species’ conservation have been defined as official public policies in Brazil and Argentina through national action plans (ICMBio, 2018; MAyDS, 2021), including express population management approaches (Oklander et al., 2024). However, the effective implementation of such strategies is hindered by the species’ inconclusive taxonomy—the existence (or not) of two distinct taxa and their geographic limits. More comprehensive molecular data and more representative sampling are decisive for this.
Phylogeographic studies allow us to understand the impact that paleogeoclimatic events have had on the species through the analysis of the present distribution and demographic history imprinted in the genomes of the individuals. In the interglacial periods of the Quaternary, the extent of the Atlantic Forest was evidently similar (if more widespread) to the present, but the forest contracted during glacial periods, and the region was dominated by grassland (Câmara, 1991; Behling and Negrelle, 2001; Behling et al., 2005; Carnaval and Moritz, 2008; Pessenda et al., 2009; Woodburne, 2010). These changes would, of course, broadly affect the distribution and populations of arboreal mammals (Lister, 2004). Kinzey (1982) and Rylands et al. (1996) discussed what has been referred to as Pleistocene Forest refuges and, based on primates, identified three centers of endemism in the Atlantic Forest—the Bahia Center, the Rio Doce Center, and the Paulista Center—that would be pertinent to the phylogeographic history and evolution of the brown howlers. These centers are largely montane, and the refugees would be dendritic and complex, depending on soil, altitude, and local climates, but there is no doubt they would have been forces for speciation, affecting the genetic makeup of populations in the range of the howler monkeys today.
In this study, we analyzed, for the first time for this species, a set of microsatellite markers of the nuclear DNA, in combination with segments of the control region and the cytochrome b gene of the mtDNA. Our objective was to investigate the genetic diversity, genetic structure, and demographic history of A. guariba throughout its distribution and discuss our findings in a taxonomic and conservation context. Finally, we propose three management units (MU) to support protection and management strategies for the species.
2 MATERIAL AND METHODS
2.1 Sample collection
We obtained samples of 243 individuals of A. guariba from 65 localities in 51 municipalities in the eight Brazilian states (from north to south: Bahia, BA; Minas Gerais, MG; Espírito Santo, ES; Rio de Janeiro, RJ; São Paulo, SP; Paraná, PR; Santa Catarina, SC; and Rio Grande do Sul, RS) and the Argentinian (ARG) province of Misiones along the species range (Figure 1; Table 1; Supplementary Material 1). Most of the samples (172) were from individuals of precisely known origin collected in the field. The geographic coordinates for these were recorded with GPS equipment or later attributed to the location or vicinity of the individuals’ origin (for which we consider a margin of error of up to 10 km). For 51 individuals sampled, however, we had information only on their municipality of origin but not the precise site. The geographic coordinates for these were assigned to the centroid of the municipality or protected area of origin, assuming a margin of error of up to 50 km in relation to the precise origin. For the other 20 samples, we had information only about the state in which they were collected, with no details about the site or even the municipality of origin. Although they were assigned the coordinates of the centroid of the species distribution in the state where the individuals were sampled—and for which the margin of error could be more than 100 km—, these individuals were not included in the analyses that used geographical location.
TABLE 1 | Sample localities by country and state/province, with the corresponding geographical coordinates and the number of samples per site.
[image: Table 1]For most analyses, we used the sample geographical locale as described above. For the graphical depiction of some results, we refer to the samples using their Brazilian state of origin. We consider this organization as appropriate, as the species is mainly distributed on a north–south axis the same way as these states, and most sampling efforts were state-centric. Hence, this organization mainly reflects the sampling units, and it is a practical way to organize the sampling sites.
Based on the geographic location of each sample, we assigned the presumed species/subspecies classification based on the previously existing taxonomic and distribution proposals by (1) IUCN [Neves et al., 2018 for A. g. guariba; Buss et al., 2021 for A. g. clamitans—which follows the proposal by Rylands et al. (1988)], (2) CPB/ICMBio [Neves et al., 2018 for A. g. guariba; Bicca-Marques et al., 2018 for A. g. clamitans—which follows the proposal by Kinzey (1982)], (3) Gregorin (2006—A. fusca = A. g. guariba; A. clamitans = A. g. clamitans), and (4) Povill et al. (2023—Northern clade = A g. guariba; Southern clade = A. g. clamitans) (Supplementary Material 1). According to this, our sampling included individuals from the distribution of both A. g. guariba (n = 9, IUCN; n = 23, CPB/ICMBio; n = 31, Gregorin, 2006; n = 61, Povill et al., 2023) and A g. clamitans (n = 231, IUCN; n = 217, CPB/ICMBio; n = 208, Gregorin, 2006; n = 144, Povill et al., 2023), in addition to some samples with doubtful classification following these criteria (n = 3, IUCN and CPB/ICMBio; n = 4, Gregorin, 2006; n = 38, Povill et al., 2023).
We collected three different types of samples: blood (n = 5), tissue (n = 78), and feces (n = 160) (Supplementary Material 1). For blood samples, an amount of 500 µl–1 mL of whole blood was collected in EDTA tubes or ethanol (>70%) from individuals kept at different Brazilian zoos during routine care procedures at these institutions, conducted under the technical responsibility of the zoos’ qualified teams, always including a veterinary doctor, duly authorized by the competent bodies for the supervision of ex situ keeping institutions. For tissue samples, an amount of ca. 1 cm³ of muscle (usually thigh, back, or abdomen) was collected in ethanol (>70%) only from dead animals, the carcasses of which were kept in authorized institutional collections or which were found during fieldwork. For the latter, it was possible to identify a variety of causes (electrocution on electricity transmission lines, run over by a vehicle, domestic dog attack, fight with a social group, and excessive parasite infection), although it was not possible to determine the cause of death in some cases. Fecal samples were collected immediately after defecation during fieldwork that was, for the most part, specifically dedicated to obtaining samples for this study. All fecal samples were preserved at 24°C in 50 mL screw-top tubes containing solid NaCl or ethanol (>70%) (Oklander et al., 2004) until DNA extraction. Only one type of sample per individual was used. Samples are in the collection of the Escola de Ciências da Saúde e da Vida, Pontifícia Universidade Católica do Rio Grande do Sul, Porto Alegre, Rio Grande do Sul, Brazil. Samples were collected in previous studies (Jerusalinsky, 2001; Machado, 2011; Mourthé et al., 2019).
No howlers were killed, captured, or sedated in the field to obtain samples for the present study. No individuals were killed, captured, sedated, or held captive in ex situ conditions exclusively to obtain samples for this project. All samples were collected in full compliance with the Code of Best Practices for Field Primatology (IPS & APS, 2014) and, following the Argentine and Brazilian laws, sampling was conducted with permission from the respective National Environmental Agencies (Brazil: SISBIO n. 19,927-12 by ICMBio, CONICET n. 11420110100322CO and Ministry of Ecology, Misiones province, Argentina n. 9910-00086/17). Note that Brazilian legislation establishes that the collection of samples of biological material in all the situations described above and outside protected areas does not require collection permits.
2.2 DNA extraction
DNA was extracted from blood or tissue samples using the standard phenol–chloroform protocol (Sambrook et al., 1989) and from feces samples using a QIAmp DNA Stool Mini Kit (QIAGEN). For DNA extracted from fecal samples, PCR and sizing were repeated twice (in the case of a heterozygous genotype call) or four times (in the case of a homozygous genotype call) to minimize possible genotyping errors due to allelic dropout (Pritchard et al., 2000; Peakall et al., 2003). We only recorded an allele if it was observed at least twice in different amplifications from the same DNA extract. All amplification assays included negative controls. Every step of the laboratory work was carried out in specific laboratory spaces (DNA extraction room and PCR room), inside laminar flow hoods with negative pressure, and using aerosol-resistant filter tips to avoid between-sample cross-contamination.
2.3 Microsatellite genotyping
Ten microsatellites or short tandem repeats (STRs) (AB7, AB10, AB17, AC14, AC17, D8S165, D17S804, TGMS1, 1118, and 157) (Tomer et al., 2002; Di Fiore and Fleischer, 2004; Gonçalves et al., 2004; Oklander et al., 2007a) were amplified for 153 individuals (Figure 1; Supplementary Material 1). These markers have already been characterized as polymorphic in two howler species (Alouatta caraya and A. guariba) and proven to be useful for population demographic and reproductive studies (Oklander et al., 2007a; Oklander et al., 2007b; Oklander et al., 2010; Oklander et al., 2017; Oklander et al., 2022).
Genotyping PCRs was performed using 5–10 ng of the DNA template for tissue samples or 5 μL of the extraction of fecal samples, 100 µM dNTPS, 1.8 mM MgCl2, 0.02 µM of forward primer, 0.1 µM of reverse primer, 0.4 µM of fluorescence labeling (Schuelke, 2000), 1 M betaine, 5% trehalose, 1x buffer, and 0.1 unit of Platinum Taq DNA Polymerase (Invitrogen). PCR amplification profile: denaturation at 94°C for 3 min, followed by 11–15 cycles at 94°C for 45 s, 65°C (−0.5°C/cycle) for 1 min, 72°C for 90 s and 26–30 cycles at 94°C for 45 s, 58°C–60°C for 1 min, 72°C for 90 s and finished with a final extension at 72°C for 30 min. For the AB17 locus, we used six cycles at 60°C (−1°/cycle) followed by 30 cycles at 50°C, and for the AC14 locus, we used 30 cycles at 61°C instead of the touch-down condition.
PCR products labeled with different fluorochromes were combined and co-injected with HD400-ROX as an internal size standard to be separated by electrophoresis on a MegaBACE 1000 (Pharmacia, Upsala, Sweden) automated sequencer (Amersham Biosciences) according to the manufacturer’s protocol. Alleles were manually scored by performing a visual inspection of electropherograms after developing the bin panel for each locus in Genetic Profiler 2.2 (GE Healthcare). Genotypes were screened for null-alleles and to discriminate between errors in allele frequency estimates caused by null-alleles, allele dropout, or stutter bands using Micro-Checker v2.2.332 (Van Oosterhout et al., 2004).
2.3.1 Microsatellite analysis. Genetic diversity
Numbers of different alleles, effective and private alleles, observed heterozygosity (Ho), expected heterozygosity (He), and unbiased expected heterozygosity (uHe) were computed with the software GenAlEx v6.5 for each locus and population (Peakall and Smouse, 2012). Deviations from the Hardy–Weinberg equilibrium (HWE) were assessed by employing an exact test and using Arlequin v 3.5 software (Excoffier and Lischer, 2010). The FIS inbreeding coefficient per population and gene diversity (Hs) was calculated for each locus in a population using Fstat software v2.9.4 (Goudet, 2003).
[image: image], where n represents the number of alleles, p represents the allele frequency, and Ho represents the observed heterozygosity.
2.3.2 Structure analysis
Genetic structure was evaluated using non-spatial Bayesian clustering with the Structure v.2.3.4 program (Pritchard et al., 2000). A series of 20 independent runs per K (ranging from 1 to 7) was conducted using the admixture model with correlated allele frequencies, without prior information about sampling locations and independent allele frequencies, and with 1,000,000 Monte Carlo–Markov iterations after a burn-in of 50,000 replicates. Several K-estimation methods were tested, including the ΔK method (Evanno et al., 2005) and the parsimony method (Wang, 2019) using the KFinder software (Wang, 2019). Bar plots were constructed with the software Pophelper (Francis, 2016).
Discriminant analysis of principal components (DAPC) was employed to assess the pattern of microsatellite genetic variability among individuals, using the dapc function from the R package adegenet (Jombart and Ahmed, 2011), and we used the seven major sampling areas (the Brazilian states and Argentina, as described above at 2.1) as prior information. The number of principal components that explained 90% of the cumulative variance was retained.
We estimated pairwise FST (Weir and Cockerham, 1984) between major areas using the hierfstat (version 0.5-11) R package, which was used to perform a Mantel test (with the “gl.ibd” function from the dartR package with default options) and an isolation-by-distance (IBD) plot to test whether the geographic distances between sampling sites correlated with the genetic distances.
We complemented the population genetic structure analysis with the TESS3 approach (Caye et al., 2016) and the tess3r R package (http://bcm-uga.github.io/TESS3_encho_sen) using default parameters for K = 2 and K = 3, with ten repetitions for each value of K, to estimate individual ancestry coefficients and genetic groups, considering the sample geographic coordinates.
2.4 Mitochondrial marker sequencing
We performed amplifications and sequencing of two mitochondrial fragments. Approximately 700 base pairs (bp) of the mtDNA cytochrome b gene (CytB) were amplified with the primers L14724 (Irwin et al., 1991) and (5′-TGG​GTC​GGT​TAG​AAG​GTC​AG-3′) designed by us for this work. The second mtDNA marker analyzed was a fragment of approximately 500 bp of the control region (CR) amplified with primers How-RA1 and How-S7 (Ascunce et al., 2003).
For DNA extracted from feces, a nested PCR was performed with internal primers for CR RC_intF2 (5′-AAA​ATG​TGG​GCG​GGT​TGT-3′) and RC_intR1 (5′-CAT​AGC​ACA​TTC​GTC​CCG​TA-3′) designed by us for A. guariba. The PCRs contained approximately 10–100 ng of total DNA, 100–150 µM dNTPS, 1.5 mM MgCl2, 0.15 µM each primer, 0.1 mg/mL BSA, 1x buffer, and 0.4–1.25 units of Platinum Taq DNA Polymerase (Invitrogen). The first amplification started with an initial denaturation at 94°C for 3 min, followed by eight cycles at 94°C for 45 s, 57°C (−1°C/cycle) for 1 min, 72°C for 90 s, and 35 cycles at 94°C for 45 s, 50°C for 1 min, 72°C for 90 s and finished with a final extension at 72°C for 5 min. For amplifications with internal primers, only 30 cycles at 50°C were used. PCRs for CytB followed the same protocol as the CR, and we use internal primers only for CR.
Amplified fragments of mtDNA were sequenced using the DYEnamic ET Dye Terminator Cycle Sequencing Kit (Amersham Biosciences). Sequencing was performed in a MegaBACE 1000 automated sequencer (Amersham Biosciences) according to the manufacturer’s protocols. The sample sizes and locations for each locus are shown in Supplementary Material 1.
2.4.1 Mitochondrial DNA analyses
Sequences obtained for each set of mitochondrial data, CR (596 bp), CytB (678 bp), and combined (CR + CytB) datasets were aligned using the Muscle algorithm in MEGA7 (Kumar et al., 2016). We also compiled previously gathered data on mtDNA from the species (Supplementary Material 2).
The degree of saturation was investigated by plotting proportions of transitions and transversions against the pairwise divergence between the sequences using the Xia et al. (2003) test, implemented in the DAMBE 5.2.5 program (Xia and Xie, 2001). We examined the congruence of substitution rates between each of the data sets using the partition homogeneity test (Farris et al., 1995), as implemented in PAUP* (Swofford, 2003). The number of variable sites (S), haplotypes (h), haplotype (Hd), and nucleotide (π) diversity and mean number of pairwise differences (k) were calculated using DnaSP 6.0 (Rozas et al., 2017). We verified the possible existence of mitochondrial DNA pseudogenes in the nucleus (NUMTs) by checking the compatibility in the length of each cytb sequence obtained with those previously published and translating said sequences into proteins. Finally, their phylogenetic position in the analysis was as expected, with no sequences identified as potential NUMTs.
2.4.2 Mitochondrial DNA phylogeny and divergence times
Because there is no substitution rate for the mtDNA control region (CR) and cytochrome b (CytB) for the species, we used a Bayesian inference (BI) in BEAST 2.5.2 (Bouckaert et al., 2019) to estimate the substitution rates for both fragments using as calibration points the dates estimated by Schrago (2007). The CytB rate was estimated using the unique haplotypes of A. guariba, two sequences of A. caraya generated here, and GeneBank sequences representing all families of platyrrhine species (Supplementary Material 2). Given the absence of reliable control region sequences for several platyrrhine species, the substitution rate for this segment was estimated relative to the previously calculated rate for CytB (the latter used as a rate prior) in a partitioned analysis using only A. guariba that presented sequences for both fragments. The BI was performed in BEAST 2.5.2 (Bouckaert et al., 2019) using the HKY + G with six categories and the Yule tree prior. We used a lognormal relaxed clock and 50 million iterations, sampling each 5,000 times. The runs were visually inspected using Tracer 1.7.1. The substitution rate for the Platyrrhini estimated with BEAST for CytB was 1.15 × 10−8 site/year (confidence interval 95%: 8.91 × 10−9–1.41 × 10−8) and for CR was 2.81 × 10−7 (confidence interval 95%: 1.46 × 10−7–4.4 × 10−7). Next, we used the above substitution rates to estimate the relationship and divergence times between the A. guariba mtDNA sequences in the CR plus the CytB combined dataset. The BI phylogenetic analysis was as described above, except we used the coalescent constant size as the tree prior and the inferred tree visualized in FigTree 1.4.4 (Rambaut, 2018). A second BI tree was estimated from all 117 haplotypes from CR sequences using the same parameters described above. Additionally, a CytB maximum likelihood (ML) tree was obtained in MEGA7 (Kumar et al., 2016), including our 17 CytB haplotypes and 25 A. guariba sequences (Povill et al., 2023) available in GenBank, as well as sequences of the genus Alouatta (A. belzebul, A. caraya, A. seniculus, A. macconnelli, A. sara, A. pigra, and A. palliata), and those of Ateles geoffroyi and Ateles belzebuth as outgroups (Supplementary Materials 2, 5).
To assess the existence of differentiated genetic groups, the CR sequence dataset was used to perform a clustering analysis with a Bayesian analysis using BAPS v6 (Corander et al., 2008) by testing the number of clusters (K) from 2 to 10, with five replicates for each K.
2.4.3 Demographic history
Following the three clades obtained in the phylogenetic analysis, Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997) neutrality tests were also carried out in DNASP to assess signatures of recent historical demographic events. Significant negative values of both tests are indicative of an excess of low-frequency mutations relative to expectations under the standard neutral model (strict neutrality of variants, constant population size, lack of subdivision, and gene flow). To infer historical changes in effective population size (Ne) over time, Bayesian skyline plots (BSPs; Drummond et al., 2005) were constructed with BEAST 2.5.2 (Bouckaert et al., 2019) for the whole species and separately for the three clades found in the previous analyses. Here, we used only the 207 mtDNA CR sequences. The coalescence analysis was run with the same conditions as above, except we used the BSP tree prior. Skyline reconstructions were performed using Tracer 1.7.1 (Rambaut et al., 2018), and the median and 95% credibility intervals were plotted as a time function.
3 RESULTS
3.1 Microsatellite results
We genotyped 10 microsatellite loci for 153 samples from the entire known range of the species (Figure 1). The brown howler populations exhibited moderate levels of microsatellite diversity. The mean number of alleles (NA) was 4.06 ± 2.38; the mean observed heterozygosity (Ho) and expected heterozygosity (He) were 0.46. The lowest values were detected in RS, whereas the highest were MG and ES, and the highest number of private alleles was found in SC (Table 2). The mean unbiased expected heterozygosity (uHe) was 0.493 ± 0.275 over all populations. No significant signal of inbreeding was found for any population. All 10 loci were polymorphic in most populations, with the number of alleles per locus ranging from 1 to 12. No significant deviation of HWE was seen at any loci for any population studied (Supplementary Material 3).
TABLE 2 | Summary estimates of diversity at ten microsatellite loci, ±standard deviation.
[image: Table 2]Population genetic structure based on STRUCTURE using the KFinder software for best K identified between two to three main genetic clusters (K) depending on the method. The Evanno method results showed K = 2, suggesting the existence of two major genetic groups in the species, one present mostly in individuals from the central and northern areas (SP, RJ, ES, and MG, represented in purple in Figure 2; K = 2) and the other mostly present in individuals from the southern part of the distribution (SC, ARG, and RS represented in green in Figure 2; K = 2). However, individuals from SP and MG presented a minor proportion of the southern component, while those from ARG presented a minor proportion of the central–northern component Figure 2A; K = 2).
[image: Figure 2]FIGURE 2 | (A) STR genetic structure in brown howler monkeys. Membership bar plots of brown howler monkeys (N = 154) sampled across six Brazilian states and one site in northeastern Argentina, resulting from Bayesian clustering analyses in structure based on genotypic data from 10 microsatellites. Individuals are represented by vertical lines (y-axis) broken into color segments proportional to their membership coefficients to each cluster (K) and grouped into sampling locations, separated with a white dashed line. Equally colored segments share genetic ancestry and are differentiated from the others. Espírito Santo (ES); Minas Gerais (MG); Rio de Janeiro (RJ); São Paulo (SP); Santa Catarina (SC); Rio Grande do Sul (RS); and the Argentine population (ARG). (B) TESS spatial interpolation of the STR diversity (dots represent the individuals) assuming K = 3. Inset maps represent the proportion of each genetic cluster in each major area. Symbols as in Figure 1.
The parsimony method supported K = 3, in which a third component (yellow in Figure 2; K = 3) is found mostly in the individuals from the central areas in SP and RJ and, to a minor degree, in Argentina. These results were consistent when performing the analyses with only eight loci. Interestingly, with K = 4, the fourth genetic component is found mainly in ARG and in a small proportion in SC, both at similar latitudes (Figure 2, K = 4).
We used TESS to estimate and spatially interpolate the genetic structure. With K = 3 genetic components (Figure 2B), the geographic structure of the nuclear microsatellite variation is very clear, but again, this geographic structure is not perfect (Figure 2B, inset), as was also found with K = 2 (Supplementary Material 4). Note that TESS graphics with K = 2 show that the boundary between the main ancestry components is located at the major sampling gap between the southern and central areas (specifically between SC and SP), so part of the genetic structure may be attributed to isolation by distance. Indeed, the Mantel test between genetic and geographic distances between major areas shows a significant, although not high, correlation (r = 0.38, p < 0.05), as can also be seen in the IBD plot (Figure 3A).
[image: Figure 3]FIGURE 3 | (A) Isolation by distance (IBD) analysis using the FST microsatellite distance (Dgeo) and the seven major geographic areas. Correlation is significant (Mantel statistic r = 0.38, p < 0.05). (B) DAPC plot of the individuals showing the first two principal axes and their proportion of variation explained. Individuals are colored according to the seven regions of origin, as in Figure 1, and labels are positioned at the centroids.
The results of the DAPC analysis (Figure 3B) were very similar to the STRUCTURE and TESS results. Axis 1 separates individuals from the southernmost areas (RS and SC), which are tightly clustered from the central and northern populations that are more widely dispersed, with ARG individuals in an intermediate position, mirroring the K = 2 results. Axis 2 separates individuals of the central SP area from the northern populations, with RJ in an intermediate position, but again, these clusters are more dispersed, suggesting some mixed ancestry, mirroring the K = 3 results. The principal component analysis (Supplementary Material 4) results were also very similar to those of the DAPC.
When we compared the variability values (number of alleles, heterozygosity, and private alleles) between clusters, they were always higher for the MG, ES, RJ, and SP clusters (Table 1) at K = 2. In the case of K = 3, the heterozygosity values were greater for the northern cluster (MG, ES, and RJ); however, the number of alleles was greater for SP and the number of private alleles was greater in the southern cluster (ARG, SC, and RS).
3.2 Mitochondrial DNA results
We obtained 207 sequences of the CR and 116 of the CytB gene of A. guariba. The 678 bp CytB sequence alignment contained 23 variable sites, comprising 17 haplotypes, and the CR fragment of 596 bp alignment presented 147 variable sites and 117 haplotypes. Furthermore, 85 haplotypes were obtained for the combined dataset (109 sequences; 1274 pb) (Supplementary Material 2). The haplotypes generated for each locus were deposited in GenBank under accession numbers PQ278407–PQ278423 for the CytB sequences and PQ278424–PQ278540 for the CR sequences (Supplementary Material 2).
The genetic diversity indices obtained were high and similar for the three sets of sequences and both for the whole species and by clade (Table 3). For the combined set of sequences, the haplotype diversity showed values between Hd = 0.967 (Clade A) and Hd = 0.992 (Clade C), and nucleotide diversity ranged between π = 0.0089 (Clade B) and π = 0.0143 (Clade A, Table 3).
TABLE 3 | Genetic variability for A. guariba populations based on the combined dataset (1274 pb, N = 109 CytB plus control region fragments) mitochondrial dataset for each operational population sampled (Pop), and by mitochondrial clade (A, B, C).
[image: Table 3]The three phylogenetic trees (CR, CytB, and combined dataset) found three strongly supported divergent clades (A, B, and C; posterior probability of 1; Figure 4; Supplementary Material 5). Clades A and B have individuals from the northern and central parts of the distribution, and clade C has individuals from the south and central parts (Figures 4, 5A). Clade A contains individuals from BA, ES, MG, and SP, while clade B groups contain individuals from RJ, SP, ES, and MG. ES, MG, and RJ (for CytB, Supplementary Material 5), therefore, present haplotypes from two clades (A and B), and the São Paulo area presents haplotypes from all three clades (Figures 4, 5; Supplementary Material 5). Within these clades, however, we found several subclades that are geographically structured. Notably, in clade A, there is a very divergent subclade of the SP individuals, while in clade C, there is a large clade of haplotypes from the southernmost area (PR, RS, and northern Argentina) and also from SP. The relationships between the clades A, B, and C are not resolved, as the dataset resulted in different, poorly supported topologies (Supplementary Material 5).
[image: Figure 4]FIGURE 4 | Synthesis of our results. mtDNA tree is the Bayesian phylogenetic tree with divergence times using the CR mtDNA set of sequences (N = 207 seq; 596 pb). Clade labels (A–C) are indicated above the branches. The bottom rule is divergence time in years. STR ancestry K = 2 and K = 3 are the results of STRUCTURE. R depicts the geographic region of the sample. C, I, G, and P depict the individual classification as A. g. guariba by different authors (see text for explanation).
[image: Figure 5]FIGURE 5 | (A) Frequency distribution of the mtDNA control region clades (A, B, and C) by main locality and state. For Rio de Janeiro state, the upper pie chart was based on data from Povill et al. (2023). (B) Bayesian skyline plot for the CR set of mtDNA sequences, separated by clade and for the whole species (All), showing the effective population size (Ne) fluctuation in the last 50,000 years (kybp) and in detail for the last 10,000 years.
The Bayesian analysis of population genetic clustering (BAPS) showed six main genetic clusters along the geographic distribution of the species—three of them south of SP (one exclusive to clade C), two north of SP, and all but one present in the state of SP [Log marginal likelihood = −4,269.902; pb (K = 6) = 0.999; Supplementary Material 5].
We estimated the substitution rate of CytB for the Platyrrhini with BEAST, which shows 1.15 × 10−8 site/year (confidence interval 95%: 8.91 × 10−9–1.41 × 10−8) and of CR as 2.81 × 10−7 (confidence interval 95% 1.46 × 10−7–4.4 × 10−7). The rate found for CytB was similar to that reported for other mammals (e.g., 5.6 × 10−9 for Tapirus terrestris, Thoisy et al., 2010). The control region rate was relatively higher than that of most mammals (e.g., 2.02 × 10−8–5.34 × 10−8 for Cerdocyon thous, Tchaicka et al., 2007) but within the range for humans and other primates (Santos et al., 2005; Endicott and Ho, 2008). Using these rates in a combined mtDNA dataset, we estimated the divergence time between the three clades to be statistically indistinguishable: between B and A + C ∼265 thousand years ago (kya) (95% confidence interval 196–345 kya) and between clade A and C ∼245 kya (95% CI 181–319 kya). On the other hand, the estimated coalescence time for each of the three clades was greater for clade A; a first diversification process would begin at approximately 120 kya (95% CI 81–169), while for clades B and C, it would begin 75 kya (95% CI 46.4–107 kya) and 70 kya (95% CI 48.4–95.9 kya), respectively.
3.3 Demographic history
Considering the existence of the three major mtDNA clades and the whole species, we made several analyses with the clades separated. In general, most neutrality indices were not significant (Table 3). The exception was Fs, especially for clade C, with evidence for strong demographic changes. However, the Bayesian skyline plot demographic trajectories for the whole species and for each clade were similar in shape and timing (Figure 5B). We found a population expansion starting approximately 30–20 kya, followed by a short stability and a recent reduction between ∼4 and 2 kya. Absolute values for the female effective population sizes (Nef) reached, for the whole species, a maximum of approximately 200,000 and a minimum, at the present time, of approximately 10,000.
4 DISCUSSION
4.1 Genetic diversity and structure
We present here the first study with multiple nuclear loci from 153 individuals encompassing all the states/provinces along the species’ distribution. For 132 of these individuals, we also sequenced the mtDNA control region, and for the majority of these, we also sequenced the mtDNA CytB. Our entire CR dataset comprises 207 sequences.
Microsatellite data indicated the presence of two to three main genetic clusters spatially structured alongside a mostly north–south axis, the third cluster being the populations from the central regions (mainly SP and partially RJ and ARG). However, only the southernmost (SC and RS) and the northeastern (ES) populations showed homogeneous ancestry, while populations from the more central areas presented mixed ancestry in different degrees, including our westernmost population from Argentina (Figure 2).
As for the mtDNA data, previous studies had shown a genetic differentiation in two main (southern and northern) clades using mitochondrial CytB, the northern with two subclades (Harris et al., 2005; Povill et al., 2023), as also suggested by Jerusalinsky (2001) from CR mtDNA data and by Machado (2011) from combined CytB + CR mtDNA data. Our Bayesian mtDNA phylogenies highly supported three major clades with similar geographic structures that we named A, B, and C, following Povill et al. (2023). However, there is no support for grouping the two northern clades (A and B) in a “northern clade,” as the posterior probability support for this grouping in our full CR dataset is small (0.4) (Figure 4). Actually, our combined (CR + CytB) mtDNA dataset grouped clades B and C, although with a posterior probability of only 0.3 (Supplementary Material 5), which suggests the absence of support for the grouping of any pair between A, B, or C clades. In addition, the three mtDNA clades have no strict correlation with the geographic distribution because ES and MG present haplotypes from two clades, and populations from the central area in SP present haplotypes from the three clades (Figures 4, 5; Supplementary Material 5).
Comparing our microsatellite and mtDNA results from the same individuals, we observe only a loose correlation between the microsatellite genetic clusters, the mtDNA clades, and the geography (Figures 2, 4, 5). For example, for K = 2, samples with mtDNA from clades A or B have mostly a nuclear genetic component (purple), although with some significant admixture, and samples with mtDNA clade C that are from the southernmost areas (RS and SC) have a specific genetic component (green, Figures 2, 4, 5). However, for K = 3, samples from SP have another component (yellow) admixtured with RJ and ARG. Samples with ancestry mostly of the third component (purple) have mtDNA from clade A, although a few are from clade B (Figures 2, 4, 5).
4.2 Taxonomic implications
What are the implications of our findings for the taxonomy of the species? Comparing our results to the two previous taxonomic proposals for the species (Cabrera, 1957; Hill, 1962; Rylands et al., 1995; 2000; Groves, 2001; Mittermeier et al., 2013; Gregorin, 2006; Povill et al., 2023; Figures 1, 4)—more specifically to the existence of a northern taxon, A. guariba guariba or A. fusca—and the four biogeographical hypotheses delimiting these taxa (Kinzey, 1982; Rylands et al., 1988; Gregorin, 2006; Povill et al., 2023), we found no support for any (Figure 4; Supplementary Materials 4, 5).
Based on the study of mtDNA CytB by Harris et al. (2005), Fortes and Bicca-Marques (2008) suggested that A. g. clamitans could be, in fact, two species. These authors used samples from SC, RJ, and SP, and they also found SP haplotypes in both clades, which supports our results. Probably due to a limited sampling (N = 15), they found only two lineages. The study by de Mello-Martins et al. (2011), based on coalescent analysis using mtDNA CytB (N = 38) from three Brazilian states (RJ, SP, and SC), found two distinct haplogroups corresponding to the RJ and SC populations, with divergent haplogroups occurring in sympatry in the same population in São Paulo. Surprisingly, these authors also interpreted this result as A. guariba clamitans possibly constituting two subspecies or two potential species, as had Harris et al. (2005). Mello-Martins et al. (2011), however, mentioned that analyses of genetic variation at multiple autosomal genetic markers were required to test the said taxonomic hypothesis. Our STR analysis clearly showed that there is no reproductive isolation between SP populations/individuals and no substructure within the state (Figure 2).
More recently, Povill et al. (2023) analyzed the mtDNA CytB gene of 14 captive and 108 free-living individuals, ten karyotypes, and ecological niche models and suggested the validity of two taxa (which they named using the currently recognized subspecies) but argue that the limit is further south, in the state of São Paulo, although they do not specify exactly where. Their proposal of a northern (individuals in their “northern clade,” A + B clades) and a southern clade (those with C clade haplotypes) is not supported by our or previous data. First, there is no consistent geographical, morphological, or, as shown here, genetic (at the nuclear level) attribute, apart from the mtDNA clades, to separate individuals with haplotypes from A + B versus those with C haplotypes. Second, because A, B, and C haplotypes are present in the central region (SP), even in the same populations, using their criteria (that individuals with mtDNA from clade (A + B) are from one species and those with mtDNA from clade C are from another), we would have several populations with individuals from the two species that otherwise are not distinguishable. In addition, although of minor importance to our above arguments, an mtDNA “northern clade” (clades A + B) is not supported by our more informative phylogeny obtained from our combined CR + CytB dataset (Supplementary Material 5). In summary, as they correctly stated, although mtDNA is useful to help understand some phylogenetic and phylogeographic patterns, it is a single, uniparental inherited loci. Species delimitations should be based, alongside other important information, on more (independent) loci, as done here, and ideally on a genomic dataset.
Gregorin’s (2006) proposal that A. g. guariba is a monotypic species (A. fusca, see introduction) restricted to the northernmost region of the brown howler range (northern RJ, ES, and southern BA) is also not supported by our results (Figure 4). Although our samples from this region presented the same nuclear genetic component (purple), samples from other areas that would be classified as A. g. clamitans (A. clamitans by his criteria) also presented this genetic component (purple). Furthermore, samples from his A. fusca region have diverse mtDNA haplotypes that interspersed in the tree among haplotypes found in putatively A. g. clamitans, including some haplotypes that are identical in both of his species. These findings also negate the suggestions that A. g. guariba has a southerly limit north of the Rio Doce (Kinzey, 1982) or occurs only north of the Rio Jequitinhonha basin (Rylands et al., 1988; Neves et al., 2018).
In conclusion, we did not corroborate previous taxonomic proposals to separate A. guariba into two species or subspecies, and we consider that the Atlantic Forest brown howler monkeys comprise a single species, A. guariba, without infraspecific taxonomic entities. However, we show that this single taxonomic unit supported by our results is genetically structured in both nuclear and mtDNA markers but in a complex way. The southern group (from RS + SC) is homogeneous both in the STR and mtDNA markers. The set of populations from the central area, especially from SP, is relatively homogeneous for the STR, with its own genetic component (Figure 2); however, it presents all three mtDNA clades (Figures 4, 5A; Supplementary Material 5). The northern set of populations, from ES and MG, is more heterogeneous for both the STR and mtDNA data. This geographic structure is corroborated by other evidence. For example, multiple intraspecific chromosomal rearrangements have been found in A. guariba, possibly distributed in a clinal gradient (Oliveira et al. 2000; Steinberg et al., 2017). Individuals from the southern states of SC and PR have a different diploid numbers, sex chromosome systems and different chromosomal rearrangements compared to individuals from central (2n = 45♂/46♀, X1X2X3Y1Y2 or X1X2Y /X1X1X2X2X3X3 or X1X1X2X2 versus 2n = 49 ♂/48 or 50 ♀, XY or X1X2X3Y1Y2 or X1X2Y/ XX or X1X1X2X2X3X3 or X1X1X2X2) or northern populations (2n = 49 or 52 ♂/50 ♀, XY or X1X2Y/ X1X1X2X2) (Koiffmann 1977; Oliveira et al. 2000; 2002; Steinberg et al., 2017). However, this is not indicative of taxonomic differences either, because howler monkeys show a high degree of karyological variation within species (Koiffmann, 1977; Gifalli-Iughetti, 2008), as observed in many other mammalian taxa (e.g., some rodents of the genus Ctenomys; Lopes et al., 2013 and references therein). In addition, populations located between the core areas of the three groups, such as RJ between the northern and central groups and ARG between the central and southern groups, seem genetically intermediate or admixed for the STRs.
4.3 Phylogeographic patterns and demographic processes
The interpretation of A. guariba dynamics in the Atlantic Forest could be compared with several phylogeographic studies suggesting two main recurrent breaks in its range, (i) one in São Paulo, near the valleys of the rivers Paraíba do Sul, Tietê, and Ribeira do Iguape (reported for snakes, toads, birds, frogs, and bats; Grazziotin et al., 2006; Cabanne et al., 2007; 2008; 2011; Carnaval et al., 2009; Martins et al., 2009; Batalha-Filho et al., 2010; Thomé et al., 2010; d’Horta et al., 2011); (ii) another in Minas Gerais, near the valleys of the rivers Jequitinhonha and Doce (bird and frogs; Cabanne et al., 2007; 2008; Carnaval et al., 2009; d’Horta et al., 2011). For the primates, these would correspond to the Paulista and Bahia centers of endemism identified by Kinzey (1982) and Rylands et al. (1996).
One well-known hypothesis about the origin of diversity in the Neotropical region is the refuge theory. According to this theory, proposed for the Amazonian basin and expanded to the Atlantic Forest, during the glacial ages, the rainforests were reduced to refuges isolated by open areas, and organisms isolated in these refuges could have diverged and originated new lineages. Then, in the next interglacial period, the forest expanded, bringing the new clades into contact (Haffer, 1969; Carnaval and Moritz, 2008; Carnaval et al., 2009). Following this reasoning, one possible explanation for the existence of three very divergent mtDNA in the species is that these clades could represent a differentiation of the populations due to vicariant events during the forest fragmentation followed by expansions in favorable periods that induced secondary contacts (represented here by the SP populations). Indeed, our BSP demographic results (Figure 5B) support this hypothesis, as the three mtDNA clades are mostly geographically structured and went through a process of population expansion (see below). However, mitochondrial markers are maternally inherited; therefore, they will present a bias if the dispersion is not equal for both sexes. In most Alouatta species, demographic records show that, in continuous forests, both female and male species disperse (Kinzey, 1997); however, habitat fragmentation has been shown to modify the dispersal pattern in A. caraya from bisexual to male-biased (Oklander et al., 2010), increasing female philopatry that could cause an increase in phylogeographic structuring of mtDNA and disagreement between it and nuclear markers. The Atlantic Forest has been fragmented historically with open areas during the Pleistocene (Behling, 2002), and those patches of forest were widely isolated (Behling and Negrelle, 2001). This fragmentation could have led to the isolation of matrilines that could have been important in shaping the mitochondrial clades observed here.
The Carnaval and Moritz (2008) model of Pleistocene refugia predicts a large stable area in the north of the Atlantic Forest (latitude 28°/27°S to at least 20°S) and very small forest fragments in the south during the Last Glacial Maximum (LGM, 18 to 48 kya), with fragmentation causing isolation between areas that could be detected by mitochondrial DNA markers. It also predicts significant signals of demographic expansion in the southern part of the Atlantic Forest, but an absence of demographic expansion signals in the northern and central portions caused by the permanence of the humid forest. Our results on STRs agree with the latitudinal gradient hypothesis, which states that higher diversity levels should be found in lower latitudes (Miller et al., 2010; d’Horta et al., 2011). However, for mitochondrial markers, greater variability is observed in São Paulo, decreasing toward the north and south in general terms.
Different from what was expected by the Carnaval and Moritz model depicted above (demographic stability in the north and reduction followed by expansion in the south), if we analyze the three mtDNA clades separately, the southern (C) and the northern (B and C) clades have a very similar BSP demographic trajectory of an expansion starting between 40 and 20 kya during the LGM (Behling, 2002; Behling et al., 2004), followed by a recent reduction approximately between 4 and 2 kya. This result suggests the demographic consequences of the climatic events in the last 50 kya were similar along the distribution of the species. A possible explanation for the estimated population expansion in a likely unfavorable period is the humidity variation during the Pleistocene that formed ecoregions favorable for this species. Palynological studies have shown that grassland predominated in southern and southeastern Brazilian regions during the Late Pleistocene, mainly during the LGM, when tropical trees were almost absent (Behling, 2002; Behling et al., 2004). However, the pollen data suggest that small populations of Araucaria and the Atlantic rainforest trees may have been present on the wetter coastal slopes and deep and protected river valleys that may have served as a refuge (Behling et al., 2004). In addition, periods of increased humidity favored forests of conifers, which appear to have expanded during the glaciations when the climate was cool and moist enough for their development, forming mosaics with grassland (Ledru et al., 1996; Ledru et al., 2007; Pessenda et al., 2009). Thus, the generalist diet of A. guariba, which is composed of numerous plant species, including conifers such as Araucaria angustifolia (Miranda and Passos, 2004; Martins, 2008), could have favored its survival in the expanded conifer forest and their associated vegetation. The existence of the central population (SP) with haplotypes of the three clades may be explained as a secondary contact after the expansions of the northern and southern populations from their putative refugia.
We also found evidence that A. guariba suffered a strong and recent population reduction beginning between 4 and 2 kya. This period was marked by humidity and temperature oscillations. For example, Garcia et al. (2004) and Behling et al. (2005) showed that in SP and RS, between ∼10 and ∼4 kya, the climate was much drier than today. These oscillations in humidity and temperature could have affected the demography of A. guariba. This long-term population decline (Figure 5B) may have been accelerated recently by anthropogenic changes and habitat fragmentation.
Finally, the six major river basins in the Atlantic Forest are frequently suggested as barriers to gene flow and sources of population divergence (Cabanne et al., 2008). However, our data do not support their influence as important barriers to gene flow in A. guariba, as the geographic breaks between our three major nuclear genetic components are not consistent with the course of any of these rivers (Figure 2B).
4.4 Conservation implications
Brown howler monkeys are important seed dispersers for numerous plant species as they feed on a wide diversity of fruits, thus having a crucial role in the maintenance and regeneration of forests throughout their range (Chaves et al., 2018). Due to their susceptibility to yellow fever, brown howlers also play a key role as public health sentinels, providing early warning of the virus circulation and allowing for pre-emptive vaccination of surrounding human populations, especially because the species’ range largely overlaps with many of the most inhabited areas of Brazil. Howlers are also part of the cultural heritage of both native people and settlers inhabiting Brazil and Argentina (Urbani and Cormier, 2015). The conservation of this species, therefore, contributes to the regeneration of the flora of the Atlantic Forest, to preserving their cultural heritage, and to promoting public health and awareness toward biodiversity and habitat conservation.
Although we argue that our results advise against any taxonomic subdivision for the species, the pattern of differentiation depicted in the structure analysis suggests these two or three genetic groups maintain enough differentiation to deserve appropriate conservation strategies, including population management (Oklander et al., 2024). These dissimilar genetic structures, found in nuclear markers and mtDNA, may be indicative of processes of differentiation and reestablishment of gene flow at different times but do not indicate a clear taxonomic differentiation. These differences can, however, be important from a conservation point of view, and therefore, they deserve to be treated as different conservation units. Conservation units could be (i) evolutionarily significant units (ESUs—Moritz, 1994) that are based on reciprocal monophyly at mitochondrial markers or (ii) management units (MUs) identifiable by significant differences in allele frequency distributions and significant divergences in mitochondrial or nuclear loci. Considering these criteria, we propose three MUs based on our results:
• MU1—RJ, ES, MG, and BA: MG, ES, and RJ share a nuclear component purple (Figure 2). MG and BA are grouped in two mitochondrial clades (A and B), and RJ is grouped in clade B in our sampling, but in both clades (A and B) in the CytB tree when RJ sequences from Povill et al. (2023) are included. BA is grouped in mitochondrial clade A with MG and ES, but we do not have nuclear data for this state. A management unit (MU) grouping of MG, ES, and RJ is currently adopted for population management (Oklander et al., 2024), and we are suggesting the inclusion of BA. We recommend, however, that the management of the populations in these states be carried out with caution because sampling is limited regarding geographic representativeness for MG (especially by the gap in the southeast region), the number of individuals for RJ (N = 4), and the paucity of molecular markers analyzed for BA (one site, one individual, mtDNA data only). We thus suggest, as a precaution, the management of the populations of these areas independently until more data are available.
• MU2—SP: The STR analysis indicates it has its own component (yellow, Figure 2), sharing some variability with RJ and ARG, and all three mitochondrial clades (A, B, and C, Figures 4, 5; Supplementary Material 5) were found there, thus presenting variability shared with populations along the species distribution. So, in general terms, it could receive individuals from any location that would not be significantly different from its own. On the other hand, being so variable, SP individuals could carry exotic variability when being moved out of the state. Hence, we suggest that it may be considered an MU in itself. Although this state has the third largest number of sites (N = 11) and individuals (N = 43) sampled, almost half of the samples are from a single locality (Serra da Cantareira, N = 19), many locations (N = 5) are represented by a single sample, and the central and western ranges of the species in the state were not sampled. Expanding this sampling, therefore, can help increase the resolution of the genetic diversity present in SP and provide further guidance for management measures.
• MU3—ARG, RS, SC, and PR: In the STR analysis, they are grouped as component green (Figure 2) with the exception of PR, for which we only have mitochondrial data. They are also grouped in the mitochondrial clade C. This MU is the same as the one currently adopted to guide population management (Oklander et al., 2024) but includes PR. There are sampling gaps in northern RS and western SC, even though they are the states with most sites (RS = 20; SC = 19) and individuals (RS = 57; SC = 53) sampled for this study. Furthermore, even though we only have five samples from one site in Argentina, this represents more than 10% of the remaining individuals in the country (estimated between 30 and 50, Agostini et al., 2019). Probably the most relevant sampling gap for this MU is, therefore, in east and central PR, for which we only analyzed mtDNA from a single locality in the extreme west of the state. Thus, the translocation of individuals from PR to other states should be treated with caution until information on other populations, mainly from central and eastern PR, is available. However, given the urgency of implementing management actions to recover populations in Argentina and avoid the near extinction of the species there (Oklander et al., 2024), the inclusion of animals from western PR—especially if there are no others available in RS and/or SC—in these translocations can be considered an acceptable exception.
In terms of the global conservation status of A. guariba as a species, the present results do not support changes in its current categorization as Vulnerable (Jerusalinsky et al., 2021), nor in the existing recommendation to uplist the species to Endangered. This is because the absence of infraspecific taxonomic divisions in A. guariba, as proposed here, does not change the known total size of its population and decline trend, extent of occurrence, and area of occupancy, nor the various threats known to impact the species along its distribution. However, the status of the species at the regional level (Brazilian states and nationally in Argentina) should be reevaluated as a single taxonomic unit. This is particularly important to MG and ES because both the previously recognized subspecies were assumed to occur in these states, influencing the available regional assessments. On the other hand, although regular updates on the regional status are always recommended, for most assessments at the state or national level, the category assigned to the previously recognized subspecies should probably be maintained when evaluating these populations as a single species because only one of these subspecies was considered to occur in Argentina and most Brazilian states (BA, RJ, SP, PR, SC, and RS). Official assessments from three states—Rio Grande do Sul (Decreto Estadual No. 51.797, 2014), Santa Catarina (Resolução Consema No. 002, 2011), and Minas Gerais (Deliberação Normativa COPAM No. 147, 2010)—assigned A. guariba clamitans the same current category as the species: Vulnerable. The risk was considered higher in the other regional assessments: A. guariba clamitans was evaluated as Critically Endangered in Argentina (Agostini et al., 2019; MAyDS, 2021) and Endangered in the states of São Paulo (Decreto Estadual No 63,853, 2018) and Espírito Santo (Decreto Estadual No. 5.237/2022); and A. guariba guariba was classified as Critically Endangered in Brazil (Neves et al., 2018) and in the states of Minas Gerais (Deliberação Normativa COPAM no 147, 2010) and Bahia (Portaria no 37, 2017).
Now, considering A. guariba as a monotypic species with three management units, we suggest equal and synchronized conservation strategies for the three MUs described here, following the national action plans for the species in Brazil and Argentina. The fact that the northern part of the distribution does not consist of a different species does not diminish the importance of prioritizing the conservation of these populations, which are extremely scarce and vanishing in southern BA, northern ES, and northeastern MG (Neves et al., 2019). Moreover, the conservation of each population of A. guariba is relevant because they are threatened by a variety of menaces and declining all along their range, justifying its inclusion among the world’s most endangered primates (Oklander et al., 2022). The impacts of synergistic threats, which led to species extirpation or severe decline in many areas, highlight the importance of developing population management strategies properly based on the conservation units identified here (Oklander et al., 2024). Finally, the implementation of other conservation strategies, such as the creation of protected areas and the establishment of forest corridors, as stated in the national action plans for the species, must also incorporate the present results to effectively preserve part of the biodiversity represented by the intraspecific genetic structure and variability of A. guariba.
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Brazil, Bahia Pouso Alegre 15,786,122 -40,293,220 1
Brazil, Minas Gerais Fazenda Santa Rosa, Pedra Azul -16,030,122 ~40955,918 7
Jequitinhonha 16,348,105 ~41,059,708 1
Felisburgo 16,793,299 -40,797,148 4
RPPN F. M. Abdala, Caratinga -19,723,208 ~41,806,262 9 |
Brazil, Espirito Santo Sooretama 19,141,640 ~40,026,768 3
Pancas -19,229,909 I ~40,850,546 I 7
Linhares ~19,443,691 ~40,074,337 2
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Brazil, Rio Grande do Sul Canela -29,351,900 ~50,774,900 1
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Esteio ~29,851,700 -51,176,800 1
RS290 km161, Butid -30,132,827 -51,938,269 1
Aguas Claras, Viamio -30,173,690 ~50,882,029 2
Arroio dos Ratos ~30,193,200 | ~51,751,900 1
Morro Extrema, Porto Alegre -30200,521 ~51,075412 1
Lami, Porto Alegre -30,248,088 ~51,067.817 8
Itapud, Viamao -30,354,037 -51,010,523 7
Argentina, Misiones Parque Provincial Piialito -26,500,000 -53,833,333 5
TOTAL 65 223
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MG | B60:088 | 500133 340£110 | 06370266 0663 £0155 | 07050166 07100167 | 0104 | 7
] 3004000 | 230082 199+077 | 0433+0274 0428 %0216  0513+0259 | 0533 +0267 0188 2
sp 2930+206 | 630313 332153 | 0560+0246 0611%0236 | 0622%0240  0623+0240 0100 | 10
sC s80% 134 | 540313 | 1662082 | 0291%0224 | 030510228 | 03112020 0311020 0064 | 14
ARG 5004000 | 230095 194+080 0440+ 0363 0398 %0254  0442%0283 044330278 0006 0
RS 3490£415 320162  137£051 | 0185+ 0163 02080195 02110199  0212+0.199 0127 3
K=2
ES MG RJ SP 122421060 | 439£232 | 290119 | 05790258 05820203 | 06280212 | 0.635 0212 21
SC ARG RS 3290 %2252 | 363 £243 166074 | 0305+0276 0305%0233 | 0321%0250 03220249 17
K=3
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ES, Espirito Santo; MG, Minas Gerais; RJ, Rio de Janeiro; SP, Sio Paulo; SC, Santa Catarina; RS, Rio Grande do Sul; ARG, Argentine population. Na = Number of different alleles; Ne = Number
of effective alleles [calculated as 1/ (allele frequency)®); He = expected heterozygosity = 1 - ¥ (allele frequency)’s uHe = unbiased expected heterozygosity = [2N/(2N ~ 1)] * He; (Hs): Gene
diversity; Fis (inbreeding coefficient); PA = No of alleles unique to a single population. See Supplementary Material 3 for missing data.
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n, number of individuals sequenced; S, number of segregating sites; Ny, number of haplotypes; Hd, haplotype diversity; , nucleotide diversity; SD, standard deviation; k, mean number of
b difiesericos. % < OIS,
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