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ABSTRACT

The identification of genetic mating systems in a variety of species has challenged the previous view on animal mating patterns

over the past decade, resulting in the identification of multiple paternity across all vertebrate classes. In crocodylians, all species

that have been investigated demonstrate multiple paternity, which may represent the ancestral state of the clade. The smooth-
fronted caiman, Paleosuchus trigonatus, is one of the last species whose genetic mating system has yet to be investigated. In
this study, we analyzed genetic samples of the smooth-fronted caiman in French Guiana, a secretive species that is difficult to
observe in the wild. Scute samples were taken from three populations and five groups of neonates that hatched shortly before.
Microsatellite markers were used to infer the minimum number of fathers that sired each clutch. Our results clearly show that

multiple paternity was common, with 60% of the sampled group of neonates showing a minimum of two sires. The potential

ecological and behavioral implications of this finding are discussed, as well as recommendations for future research avenues to

elucidate this cryptic species’ mating behavior and environmental constraints.

1 | Introduction

Mating systems exhibit considerable diversity, with the pri-
mary distinguishing characteristics being the number of
partners an individual engages with and the temporal pat-
tern of mating, which can occur sequentially over a season or
once at a specific time point in the reproductive cycle (Kokko
et al. 2014). Polygamous matings can be polygynous, which
is an association of one male with multiple females, or poly-
androus, which is an association of one female with multiple
males (Emlen and Oring 1977). Polyandry is very common

in many species of both invertebrate and vertebrate animals
and often leads to multiple paternity (Pizzari and Wedell 2013;
Taylor et al. 2014), where offspring by one female are sired by
more than one father. Multiple paternity is found across all ver-
tebrate classes and shows a positive relationship with clutch/
litter size (Correia et al. 2021; Dobson et al. 2024). Additionally,
it has been confirmed in several reptilian orders, including
turtles, squamates, and crocodiles (Isberg 2021; Uller and
Olsson 2008). However, whether this reproductive strategy
has an evolutionary adaptive value, and the question of the
proximate mechanisms involved, remain mostly unanswered
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(Griffith et al. 2002; Isberg 2021; Taylor et al. 2014; Uller and
Olsson 2008).

Some major benefits of multiple paternity for females are an in-
crease in genetic diversity in the offspring, potentially allowing
for better adaptability to environmental changes (Jennions and
Petrie 2000; Taylor et al. 2014), and thus increasing survival in
offspring and increasing female fitness over time. Another com-
mon benefit of female multiple matings is increased reproductive
success if more (diverse) sperm can fertilize more eggs (Jennions
and Petrie 2000), which would also allow post-copulatory
cryptic female choice or sperm competition (Eberhard 2009;
Parker 1970). Sperm storage becomes increasingly important in
species with low mating encounter rates since sperm limitation
could affect female reproduction (Uller and Olsson 2008).

In species where males show strong territoriality and domi-
nance over access to females, the chances for mate choice
might be reduced as sexual coercion and sole access to females
by the dominant male can be frequently observed (Uller and
Olsson 2008). Sexual conflict arises when females and males
of a species have different optimal reproductive strategies
and costs for mating (Parker 2006). Additionally, environ-
mental and social constraints will affect mating systems and
the potential for polygamous mating, depending on resources
such as the availability of mates or nest sites and the mo-
nopolization of one sex by the other (Emlen and Oring 1977;
West-Eberhard 1983). Whether multiple paternity arises from
females choosing different mates based on preferences and
adaptive value, or if mate availability determines the rate of
multiple paternity without any preference, or if multiple mat-
ing is forced on females by dominant males, is not known in
most cases, particularly not in secretive species where behav-
ioral observations are scarce or non-existent.

Until recently, the mating system of most crocodylians was
thought to be polygynous, with a single dominant male breeding
with several females across his territory (Lang 1987), although
the author even states that “In large aggregations, females move
with impunity between territories and may court and mate with
several dominant males in succession.” With the development of
genetic technologies to infer genealogy and the decrease in labo-
ratory costs, genetic mating systems can be inferred in a variety
of species without the need for direct behavioral observations.
Nowadays, we know that almost all the Old World and New
World crocodylians that have been investigated show multiple pa-
ternity linked to polyandrous mating (Isberg 2021), which might
be the ancestral state of crocodylian mating (Muniz et al. 2019).
Nevertheless, crocodylians’ mating systems seem to be complex
and influenced by environmental and social constraints.

The Smooth-fronted caiman, Paleosuchus trigonatus, is a
small-bodied caiman classified as “least concern” by the
IUCN (Campos et al. 2019, Figure 1). Notwithstanding its ex-
tensive distribution across the entire Amazon basin, it is one
of the least studied of the 26 species of described crocodylians.
P. trigonatus is primarily a sedentary species inhabiting forest
streams under a relatively dense canopy. The species exhibits
secretive behavior, with most of its activity occurring during
nocturnal hours. During the day, it has been observed to
seek refuge in burrows or beneath dead vegetation (Lemaire

FIGURE 1 | Smooth-fronted caiman (Paleosuchus trigonatus) in
French Guiana. Credit: Jérémy Lemaire.

et al. 2018; Magnusson and Lima 1991). Additionally, the spe-
cies spends a larger proportion of its time in terrestrial hab-
itat, as shown by a higher amount of terrestrial food items
(Magnusson et al. 1987). Consequently, there is a paucity of
knowledge regarding their behavior and life history, which
may result in an inadequate evaluation of population dynam-
ics and conservation status.

Males display both spatial and temporal territoriality, while
female home ranges often overlap, indicating a degree of toler-
ance towards neighboring females (Magnusson and Lima 1991;
Marioni et al. 2022). The dominance behavior of males, leading
to larger males having increased access to females, might lead to
high reproductive skew among males.

Additionally, females traversing male territories with varying
probabilities could result in differences in encounter rates for
both sexes (Magnusson and Lima 1991). The average number
of eggs in a nest is approximately 15 (Magnusson et al. 1985;
Thorbjarnarson 1996), and might be positively correlated with
female body size (Campos et al. 2015). Females provide parental
care by defending their eggs during nighttime against preda-
tion during the lengthy incubation period of 100days (Campos
et al. 2016). The post-hatching parental care is relatively brief
compared to other crocodylian species, lasting only 21days
(Magnusson and Lima 1991). The mating system of the species
remains unknown; however, it is anticipated to align with po-
lygamy, which seems to be the ancestral state of crocodylians
(Muniz et al. 2019).

Here we investigate the genetic mating system of the smooth-
fronted caiman, P. trigonatus, in French Guiana. Due to its sed-
entary and territorial behavior, we expect a low frequency of
multiple paternity in this species.

2 | Methods
2.1 | Sample Collection
From April 2016 to February 2020, we identified five freshly

hatched nests of P. trigonatus in three locations in French
Guiana (Figure 2) within the framework of our long-term
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FIGURE 2 | Geographic location of the nests of Paleosuchus trigonatus in French Guiana. KSC: Kourou Space Center; MGM: Nature Reserve
Mont Grand Matoury; NOU: Nature Reserve Les Nouragues Inselberg. Source map: ESRI Satellite.

FIGURE 3 | Nest (NOU-1) and eggshell remains from the smooth-
fronted caiman found in the Les Nouragues nature reserve in 2017.
Credit: Jérémy Lemaire.

caiman monitoring. Neonate caimans were found in small
groups within close proximity of each nest. One nest location
was found to be reused in two different years (2017 and 2019) at
“Les Nouragues - Inselberg” nature reserve. Considering the
behavior of young P. trigonatus remaining near the nest for up

to 21 days with some protection from the mother (Magnusson
and Lima 1991), we have no doubt that the young that were
found came from the nest located nearby. Furthermore, the
remnants of the recently hatched eggs were found at the nest
site (Figure 3).

All animals were captured by noose or hand and released at their
place of capture immediately after sampling. Tissue samples
were taken from tail scutes using clean pliers and were directly
preserved in 99% ethanol and further stored at 4°C until DNA
extraction. The location of sampled scutes varied, as clipping ad-
ditionally serves for individual identification, following a mark-
ing code that was also applied in our sampling. Nevertheless,
the sample taken is always less than 1cm of the total scute, as
described in Lemaire et al. (2021a).

2.2 | Microsatellite Genotyping

Eight microsatellite loci were chosen following the species-
specific microsatellites developed by Muniz et al. (2019). All
details on microsatellites (sequences, repeat motifs, etc.) can be
found in the repository. DNA extraction was implemented from
preserved scutes by a standard phenol-chloroform procedure
after proteinase K digestion (Sambrook et al. 1989). Polymerase
chain reaction (PCR) amplifications were performed on all sam-
ples, using reaction volumes of 10 4L containing approximately
10ng of genomic DNA, 0.2mmol of each dNTP, 1 umol of each
forward and reverse primer, 0.5U of Taq DNA polymerase
(Axon), and 1pL of 10x NH4 reaction buffer (Axon), at a final
concentration of 1.5mmol MgCl2. We used the following PCR
program: denaturation for 5min at 95°C, 38 amplification cy-
cles with a denaturation step at 95°C for 45s, the primer-specific
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TABLE1 | Summary of the eight microsatellite loci amplified in the Smooth-fronted caiman (P. trigonatus) in French Guiana with CERVUS 3.0.7

for all available individuals in three populations (n=77).

Locus Number of alleles = Number of individuals Ho He PIC QC IC
Ptrig02 2 76 0.38 0.37 0.30 0.93 0.47
Ptrig03 6 74 0.76 072 0.66 0.71 0.13
Ptrig04 3 76 0.01 0.04 0.04 0.99 0.96
Ptrig05 2 66 0.05 0.05 0.04 0.99 0.91
Ptrig06 6 75 0.68 0.61 0.55 0.80 0.21
Ptrig07 4 76 0.82 0.72 0.66 0.71 0.13
Ptrig08 1 76 0 0 0 1 1
Ptrig09 3 72 031 038 031 0.93 0.45
All loci 3.4 77 — 0.36 0.32 0.35 <0.01
Loci parental reconstruction 4.2 77 — 0.56 0.50 0.35 <0.01

Note: Given are locus names according to Muniz et al. (2019), number of genotyped individuals, number of alleles found in the population, observed heterozygosity
(Ho), expected heterozygosity (He), polymorphic information content (PIC), parental exclusion index (QC), and genetic identity index (IC). The five loci used for
parental reconstruction are indicated in bold, and the summary is given at the end of the table (mean number of alleles per locus).

TABLE2 | Summary oflocation, sampling year, clutch ID, number of neonates sampled, number of neonates used in the progeny array, availability

of mother genotypes for the specific nest, and the estimated minimum number of fathers.

Potential
Number of Number of mother Minimum
neonates neonates in genotype number of

Location Year Clutch ID sampled progeny array available fathers
Nature Reserve 2017 NOU-1 15 11 No 2
Les Nouragues 2019 NOU-4 7 5 No 2
Inselberg
Nature Reserve 2018 MGM-2 7 5 No 1
Mont Grand 2019 MGM-5 9 9 Yes 1
Matoury
Kourou, Space 2018 KSC-3 7 5 Yes 2
Center

annealing temperature (58°C for Ptrig8, for all other primers
60°C) for 455, 72°C annealing temperature for 45s, followed by
a final annealing extension step for 5min at 72°C. Differences
in the sizes of the amplified alleles and in the fluorescent dye
labels of the primers allowed for pooling of multiple loci for the
subsequent sequencing process. The pooled products were di-
luted with water 1:30, mixed with HiDiformamid and the inter-
nal size standard ROX500 (Applied Biosystems), and run on an
ABI 3130x] Genetic Analyzer. Alleles were manually inspected
with Peakscanner software (Applied Biosystems), and final al-
lele sizes were determined using TANDEM v.1.08 (Matschiner
and Salzburger 2009).

2.3 | Statistical Analysis

The number of alleles, expected and observed heterozygosity,
and further polymorphic information content (PIC), paternity
exclusion index (QC), and the genetic identity index (IC) values
were calculated using CERVUS v.3.0.7 (Kalinowski et al. 2007)

and can be found in Table 1. We used the program GERUD 2.0
(Jones 2005) for parental reconstruction of each clutch, as ne-
onates could be grouped a priori as full or half-sibs. We used
the allele frequency data provided from all samples at the three
populations in French Guiana to increase reliability of the pa-
rental reconstruction analysis in GERUD 2.0. The program con-
structs potential mother genotypes, followed by an exhaustive
search to determine the minimum number of fathers necessary
to explain either the half or full-sib progeny array when nei-
ther parent is known (Jones 2005). For two nest sites, we had
potential mother genotypes at hand and included them in the
reconstruction, namely, in Kourou Space Center (KSC-3) and
Mont Grand Matoury (MGM-5). Due to the specific nature of
the program, which does not accept missing data, we were un-
able to include neonates that could not be genotyped at all loci.
A summary of the number of individuals used per progeny array
is provided in Table 2. To determine if one or two females were
involved in the two nests at the same location between years at
nature reserve “Les Nouragues — Inselberg”, we pooled clutches
by area and determined if only one mother was reconstructed,

40f 8

Ecology and Evolution, 2025

d ‘v ‘STOT ‘8SLLSHOT

:sdny woyy

2SULII'T SUOWO)) dANEAI) d[qearjdde oY) Aq PAUIdA0S dIe SI[ONIE V() SN JO SINI 10 AIRIQIT SUIUQ) AS[IA\ UO (SUOHIPUOI-PUB-SULIA)/WI0I" KAIMATeIqI[our[uo,/:sdny) SuonIpuoy) pue swd I, 3y 99§ [S70Z/H0/ST] U0 A1eIqry aurjuQ) AS[IA\ ‘USTAN JBIISIOATU() SUYISIUIZIPIULIBULINOA Kq LEET L €999/2001 01/10P/WOd KI[IM'"



based on GERUD 2.0. Despite the availability of more and newer
programs for reconstructing parental genotypes, we have cho-
sen to utilize GERUD 2.0 because of its conservative approach
which has better performance with a reduced amount of data
compared to COLONY (Jones and Wang 2010) and CERVUS
(Kalinowski et al. 2007). The latter two programs both overes-
timated the actual number of fathers in a dataset with known
relationships (Isberg 2022).

3 | Results

A total of 77 P. trigonatus individuals (59 juveniles, 9 subadults,
and 9 adults) from the three locations (Figure 2) were genotyped
using eight microsatellite loci (Table 1). The overall genetic di-
versity was very low, with an expected heterozygosity of 0.36
for the eight loci combined. While one locus was monomorphic
(Ptrig08), two loci had very low observed heterozygosity and,
therefore, a very low polymorphic information content (PIC;
Ptrig04, Ptrig05). These three loci were excluded from further
analysis, and the remaining five markers were used for paren-
tal reconstruction of neonates from five nest locations. While
removing the three loci increased the overall PIC to 0.5, the pa-
rental exclusion index remained low, at 0.35.

Using GERUD 2.0., we detected multiple paternity in three of
the five clutches (60%), where the program identified a mini-
mum of two different fathers (Table 2). The two clutches with a
minimum of one father were found in Mont Grand Matoury at
two different nest sites. The female sampled in close proximity
to MGMS-5 fitted with the genotypes of the progeny and was the
mother of that clutch. The second clutch originated from a dif-
ferent female, as the genotype did not fit the progeny genotypes
from clutch MGM-2. The two clutches found at the same nest
location in “Les Nouragues — Inselberg” nature reserve in 2017
(NOU-1) and 2019 (NOU-4) were not assigned to one female gen-
otype, and both had a minimum of two fathers when analyzed
separately. The combined analysis of both clutches gave at least
three fathers, indicating that one of the two males might have
sired both. However, we lack the statistical power to be certain.

The genotypes of five neonates used for the progeny array in
Kourou with five loci did not completely match the genotype of
the potential mother sampled close to the nest (KSC-3). We re-
duced the loci number to three to include the other two neonates
sampled around the nest site (7 neonates, 3 loci). GERUD 2.0
gave two potential mother genotypes for this reduced dataset,
indicating two mothers having their nests nearby or sharing the
nest site. Nevertheless, the program also identified a minimum
of two fathers to the progeny.

4 | Discussion

This study presents the first evidence that multiple paternity is
a common phenomenon in the Smooth-fronted caiman popula-
tion of French Guiana. Even though all New World crocodylians
exhibit multiple paternity, which seems to be an ancestral state
within the group (Isberg 2021; Muniz et al. 2019), we anticipated
a lower incidence of multiple paternity due to the sedentary and
territorial behavior of the species (Magnusson and Lima 1991;

Marioni et al. 2022). The multiple paternity rate was found to
be 60%, comparable to that observed in other crocodylian spe-
cies (Isberg 2022). Multiple mating was observed in the nature
reserve “Les Nouragues - Inselberg” and Kourou Space Center,
but not in Mont Grand Matoury nature reserve (Figure 2). Such
variability might be attributed to population size or density
variations, potentially influenced by human activities. Despite
monitoring these populations since 2016, reliable population
estimates remain elusive due to the infrequency of detection
and recapture events. The Mont Grand Matoury population is
constrained by limited available habitat, given its proximity to
human settlements. Although there is no definitive evidence,
there have been reports of caimans being hunted in Mont Grand
Matoury for food resources (personal communication to JL).
In Brazil, it was shown that subsistence hunting was higher in
areas closer to settlements and that dwarf caimans were pre-
ferred bushmeat (Muniz et al. 2021). This could potentially lead
to a reduction in population density, detectability, and female-
male encounters. The Mont Grand Matoury area is more acces-
sible to humans than the Kourou Space Center or the Nouragues
Reserve. The Space Center is less accessible to the public, but
humans are frequently present, which may result in habituation
towards humans and thus a higher detection probability, and
less secretive behaviors. The most remote area is the Nouragues
Reserve, where caimans could be abundant but are difficult to
detect (Lemaire et al. 2018).

Different females used the nest site sampled in Nouragues
Reserve in consecutive years. This indicates that nest sites could
be a limiting resource due to the requirements of P. trigonatus
nests being close to small streams, under closed canopy with di-
rect sunlight for only a couple of hours per day, and close/next
to termite mounds (Figure 3; Magnusson et al. 1985; Magnusson
et al. 1990). The implications of repetitive usage are manifold.
Females do not reproduce every year, a pattern commonly ob-
served in crocodylians and other reptiles (Thorbjarnarson 1996),
and the interval of reproduction is expected to be 3years in P.
trigonatus (Magnusson and Lima 1991). There could be cooper-
ation between females by sharing the nest sites in different years
or breeding close to each other. Additionally, females could com-
pete for nest sites as a limiting resource, but such observations
have not been made. The same applies to the nest site in Kourou
Space Center, as the neonates did not originate from the same
mother, and two females should have used nest sites close to
each other or shared the same nest site. We found remains of 11
eggs at the nest site but only seven neonates. This is a possible
scenario as females have been shown to have overlapping home
ranges and seem less territorial (Magnusson and Lima 1991), al-
though we do not know if those observations have been made
during the reproductive season.

The adaptive nature of multiple paternity is still discussed due
to the difficulties in estimating the costs and benefits for fe-
males that mate with more than one male (Isberg 2021; Uller
and Olsson 2008). Direct benefits of multiple paternity for the fe-
male can be defined as benefits arising from male contributions
to parental care or provisioning of resources, both not applicable
to crocodylians, as males, in most cases, do not provide parental
care or resources (Lang 1987). In this study, we found that nest-
ing sites might be a limiting resource for this highly specialized
species and could be a valuable resource that increases mating
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probabilities for males who could provide those resources in
their territory. While larger males could benefit in mating at-
tempts, they do not necessarily have larger home ranges and,
therefore, more resources. Specifically in P. trigonatus, home
range sizes are relatively small and do not correlate with male
body size (Marioni et al. 2022). There is still very scarce infor-
mation on the spatial ecology of this species, and no information
is available on habitat choices by males or females.

Additionally, females could be prone to an increased risk of in-
juries from mating, as is known from other reptile species (Uller
and Olsson 2008). However, in cases of low encounter rates with
mates, females may benefit from increased sperm availability
due to multiple mating. Research indicates that multiple mat-
ing can enhance fertilization success through sperm storage,
sperm competition, and also give rise to cryptic female choice
(Eberhard 2009). However, there is nothing known so far for P.
trigonatus, as mating was never observed in smooth-fronted cai-
mans, and no behavioral or experimental studies exist.

Indirect benefits of multiple paternity are increased genetic di-
versity among the offspring, which could lead to higher plasticity
and adaptability during environmental changes, increasing
the survival chances and thus the overall fitness of the female
(Jennions and Petrie 2000; Taylor et al. 2014). Indirect effects of
multiple paternity could also be seen as the consequences at the
population level, for example, to maintain genetic diversity in
isolated local populations (Isberg 2021; Muniz et al. 2011; Wang
et al. 2017), improving the fitness of the offspring related to ge-
netic diversification at the population level (Wang et al. 2017) and
increasing effective population size (Sugg and Chesser 1994).
However, this mechanism can only work if genetic diversity is
not diminished through recent bottlenecks (Isberg 2021). The
Guiana lineage of P. trigonatus, which includes French Guiana,
shows low genetic diversity, possibly due to its divergence
from the Amazon lineages 7.5Ma ago (Bittencourt et al. 2019).
However, the benefits of multiple paternity in terms of improved
offspring performance have not yet been demonstrated in croc-
odylians. For example, Zajdel et al. (2019) did not detect any im-
pact of multiple paternity on mass, length, and body condition
in offspring of American alligators (Alligator mississippiensis),
suggesting that there is no clear evidence of short-term fitness
benefits for the hatchlings. Additionally, they detected a lower
fertility rate in multiple sired clutches that could exert a cost
on the female's fitness. Moreover, Lewis et al. (2013) found no
impact of multiple paternity on hatching success in Estuarine
Crocodile (Crocodylus porosus). Therefore, we do not think that
multiple paternity is a strategy to increase genetic diversity, but
rather an adaptation towards low encounter rates based on envi-
ronmental and social circumstances.

The environmental potential for polygamy (e.g., spatial and
temporal availability of territories and food) and social rela-
tionships (e.g., population density) influence the probability of
multiple paternity (Emlen and Oring 1977). The probability of
multiple paternity will increase when the adult populations are
male biased (Pipoly et al. 2023). This bias might increase en-
counter rates between females and males, and sexual coercion
by dominant males, which is common in reptiles (Uller and
Olsson 2008). Although the adult sex ratio is predicted to be
female-biased in P. trigonatus due to temperature-dependent sex

determination (Magnusson et al. 1990), it cannot be confirmed
from our long-term field sampling, as we catch mostly males
(2:1, unpublished data). This might not necessarily reflect the
accurate adult sex ratio, as males seem to be bolder than females
and therefore might be easier to catch. While handling the neo-
nates, we noticed one parent, presumably female, observing us.
However, the animal did not leave its refuge or defend the neo-
nates, making it impossible to catch and sample them. If females
stay and protect their nests and hatchlings, they probably won't
be available for more matings. This could lead to a male-biased
operational sex ratio, meaning there'll be fewer females available
for mating in a specific season. We have a low recapture rate in
general, which illustrates the cryptic behavior of the species and
demonstrates the challenges associated with natural history and
life history studies in this species, which was also documented
by Magnusson and Lima (1991). However, in scenarios where
encounter rates are low, a potential consequence is that females
may mate with all males they encounter, to minimize the risk of
sperm depletion (Uller and Olsson 2008).

The overall low genetic diversity in P. trigonatus in our populations
might also explain the low diversity of three microsatellites with
our samples that were developed mainly from the Amazon lineage
(Muniz et al. 2019). The three markers did not add much value
to our analysis due to the low parentage exclusion index and low
heterozygosity. Nevertheless, we are confident that our analysis
reflects the accurate estimate of multiple paternity in these popu-
lations of P. trigonatus as GERUD 2.0 is a reliable and very conser-
vative approach for parental reconstruction and has been shown
to perform best if marker quality is low (Isberg 2022). However,
GERUD 2.0 does not account for genotyping errors. For future
population genomics or parental reconstruction, we recommend
testing either more microsatellites on local populations or using
ddRAD (or other next-generation sequencing approaches) to in-
crease marker availability and, therefore, resolution.

5 | Conclusion

We provide the first evidence for multiple paternity in French
Guiana's smooth-fronted caiman, Paleosuchus trigonatus. Despite
classifying P. trigonatus as a least concern species, the low genetic
diversity observed in French Guiana populations may indicate
an increased vulnerability to environmental changes, especially
since P. trigonatus might be affected by mercury contamination
due to small-scale artisanal gold mining (Lemaire et al. 2021b) and
associated subsistence poaching (Muniz et al. 2021). Although
we provide evidence of multiple paternity in our study, this might
not be sufficient to maintain genetic diversity, necessitating the
country’s monitoring of populations to detect trends and planning
conservation interventions accordingly, as highlighted in a recent
study by Rodriguez-Cordero et al. (2024).
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