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Abstract

Molecular techniques have emerged as powerful tools to study ecological aspects of
biodiversity. As a result, the interdisciplinary field of Molecular Ecology was created,
combining a wide range of strategies in order to address ecological questions, which may
involve molecular species confirmation, species occurrence and distribution, demography
estimates, relatedness among individuals, intra and interspecific interactions, dispersal patterns,
sex ratio, as well as other ecological information. In this chapter, we provide an overview of
how molecular techniques have been contributing to answering ecological questions about
neotropical mammals, using various sources of biological samples (including non-invasive
sampling) and the most appropriate molecular markers to achieve each objective. Mammals
constitute one of the most threatened taxa due to the direct and indirect environmental effects
of human activity, and therefore ecological information must be obtained about this group for

the proposal of conservation strategies.
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17.1 Introduction

Molecular ecology is a relatively recent interdisciplinary field that has emerged from
the advances in molecular techniques which allow researchers to answer ecological questions
by comparing genetic information at the individual, species, and community levels. This
approach encompasses a broad range of tools aimed at obtaining ecological information such
as species confirmation through molecular methods, occurrence and distribution of a given
species, demography estimates, relatedness among individuals, inter and intraspecific

interactions, dispersal patterns, and sex ratio, among others.

Since it is a DNA-based approach, an investigation in molecular ecology depends on
the collection of biological samples for the acquisition of DNA. For mammals, several types
of biological samples can be used, such as blood, tissue, skin, hair, and feces (Fig. 17.1). Of
these, non-invasive samples, i.e., biological samples which do not require that the animal be
captured or handled, such as feces and hair left in the environment (Beja-Pereira et al. 2009),
have provided an especially meaningful contribution for many ecological studies of mammals.
Feces have been extensively used to assess the DNA of the species that produced them (e.qg.,
Miotto et al. 2007, 2011, 2014; Saranholi et al. 2017, 2022). Because several mammals use
their feces for communication and territorial marking (Gorman and Trowbridge 1989), these
animals usually defecate on trails or prominent places such as rocks and trunks (Aragona and
Setz 2001; Gorman and Trowbridge 1989), which can make the collection of this type of

sample easier.

An important second step is the selection of the most appropriate molecular marker to
answer the ecological question being investigated. For example, mitochondrial DNA (mtDNA)
markers are widely used due to certain important characteristics: rapid evolution rate, high
polymorphism (even across short sequences), absence of recombination, and a high number of
copies per cell if compared to nuclear DNA (Fig. 17.1; Avise 2012). These characteristics allow
mtDNA to be used in species identification even if the samples are degraded, making it an
effective strategy when working with samples that contain a small amount of DNA and its
integrity is poor (Farrell et al. 2000; Chaves et al. 2012; Rodriguez-Castro et al. 2018). The
variability in mitochondrial genes is relatively high across different species, but significantly
less among individuals of the same species; thus, mtDNA markers can be used to distinguish
between species, even those which are closely related (Avise 2012). The huge amount of

MtDNA sequences available in public data repositories, such as the NCBI (National Center for



Biotechnology Information, US Government) or BOLD Systems (Barcode of Life Data
System), also favors the use of this type of molecular marker for species identification (Galtier
et al. 2009).

Concerning the nuclear portion of the genome, highly informative polymorphic markers
such as microsatellites — also known as SSRs (short sequence repeats) or STRs (short tandem
repeats) — are of great importance for ecological studies (Fig. 17.1; Selkoe and Toonen 2006).
These short sequences, which are comprised of one to six base pairs repeated in tandem (Zane
et al. 2002), are widely distributed throughout the genome, displaying high levels of
polymorphism and, thus, a multiallelic characteristic (Schldtterer and Tautz 1992; Springer et
al. 2001). A high degree of polymorphism among individuals allows us to obtain individual
genotypes and assess genetic information at population levels (Broquet et al. 2006; Haag et al.
2010; Rodgers and Janecka 2013; Figueiredo et al. 2015; Maciel et al. 2019). Microsatellites
display codominant inheritance, i.e., it is possible to identify the two alleles of a given locus
separately (Sunnucks 2000); also, they are considered to be selectively neutral, which means
that, usually, no product is encoded at the loci where they occur. Thus, these markers may be
used to compare populations in terms of genetic diversity, since they are not affected by
evolutionary pressures (Selkoe and Toonen 2006). Microsatellite regions are generally short
and, therefore, their PCR products are also short, which makes them possible to be used with
non-invasive samples (Beja-Pereira et al. 2009). Furthermore, with the use of a multilocus
panel (Broquet et al. 2006; Beja-Pereira et al. 2009), researchers can identify the individual
source of each sample, allowing for the determination of its origin when it is too difficult to
obtain such information in the field. More recently, due to advances in next-generation
sequencing (NGS) technologies, the use of other nuclear markers, such as SNPs (Single
Nucleotide Polymorphisms), has been made easier. These molecular markers can be genotyped
through NGS techniques (e.g., GBS - Genotyping by Sequencing), revealing up to thousands
of SNP loci, which shows great potential for ecological and conservation studies (Fig. 17.1;
Morin et al. 2004). Still, despite such potential, SNPs remain little explored in ecological

studies of neotropical mammals.

Nowadays, there are at least 6595 extant mammal species worldwide, and a substantial
number of them (~25% of all species) is concentrated in the neotropics (Burgin et al. 2018).
The neotropical region also harbors several endemic mammal groups, such as caviomorph

rodents (e.g., capybaras), xenarthrans (armadillos, anteaters, and sloths), and platyrrhine



monkeys (Patterson and Costa 2012). Mammals are increasingly threatened by human
activities such as poaching, illegal trade, and road killing, in addition to those which result in
habitat loss and fragmentation (Ripple et al. 2015; Ceia-Hasse et al. 2017). Consequently, it
has been estimated that about 80% of all mammal populations have either been lost or are
becoming smaller (Ceballos et al. 2017); this process is occurring predominantly in the
neotropics and southeast Asia (Ceballos et al. 2017). Most threats are still in place and
becoming more severe, but their effects on local populations and the long-term survival of the
species are still poorly understood. Therefore, the acquisition of ecological data on mammals
is critical to guide practical management strategies for the conservation of these animals, and
a molecular ecology approach can offer important contributions to such efforts.

17.2 Molecular species identification

Determining a species occurrence is a primary task for the acquisition of basic
ecological information and implementation of conservation practices. Conservation programs
are concerned with establishing the precise distribution of a species and monitoring its
occurrence through time (Mace et al. 2008; Sofaer et al. 2019). Moreover, it is important to
determine the richness and composition of communities to better establish priorities for the
protection of natural environments (Jenkins et al. 2015). Species identification also enables us
to retrieve other ecological information, such as home range size as well as overlap and

selection of habitat, which are usually helpful to guide conservation practices.
17.2.1 Molecular markers for species identification

Mitochondrial genes have been widely used as informative markers for molecular
species identification (Fig. 17.2). Some mtDNA regions can be used in DNA barcoding studies,
because certain sequence polymorphisms within the mtDNA are unique for each species
(Hebert et al. 2003). In the case of non-invasive samples, when excessive exposure to
environmental conditions degrades the DNA in the sample, resulting in lower DNA quality,
the primers for the molecular markers used to identify the species must be designed to amplify
short sequences located in highly informative regions of the mtDNA, also known as mini
barcodes (e.g., Chaves et al. 2012). This strategy has allowed for significant advances in species
identification based on non-invasive samples. For instance, due to the elusive habits and

naturally low densities of carnivores, the detection of individuals from this group is often



difficult, but their territory marking behavior with feces favors the use of a non-invasive
sampling approach (e.g., Chaves et al. 2012; Farrel et al. 2000; Saranholi et al. 2017). Various
carnivore mtDNA markers have already been identified and evaluated, consisting of regions
within the genes for adenosine triphosphate subunit 6 (ATP6), cytochrome oxidase | (COl),
cytochrome b (Cyt b), rRNA12S and rRNA16S (Farrell et al. 2000; Chaves et al. 2012;
Rodriguez-Castro et al. 2018). For instance, the presence of the Panthera onca, a rare and
highly endangered species, was molecularly confirmed with basis on fecal samples, after an
extensive camera trap effort failed to record this animal in a protected area of the Atlantic
Forest biome, in Brazil (Souza et al. 2017); molecular species identification was performed
based on the amplification of two mini barcode fragments from the mitochondrial genes ATP6
and Cyt b.

Species identification and monitoring based on fecal samples were also successfully
concluded for leporids. Rodrigues et al. (2020) used three mtDNA regions (COI, Cyt b and
rRNAL16S) to molecularly identify feces from different species of leporids — which would have
been challenging if the only information available had been the morphology of the fecal
samples, due to the high similarity among them. With this approach, Rodrigues et al. (2020)
were able to map the occurrence of the neotropical native Sylvilagus brasiliensis and the
invasive Lepus europaeus throughout an area of approximately 1,500,000 ha in the state of Sdo
Paulo, Brazil. This precise identification by molecular fecal analysis represents a powerful tool
for effectively monitoring the distribution of both species and supporting future management
actions aimed at controlling the growth of the invasive species. Similarly, the community of
felids inhabiting a protected area within a tropical rainforest in Mexico was assessed with the
molecular identification of hair samples collected from hair snares placed in transects (Garcia-
Alaniz et al. 2010). Since an information deficit for carnivore populations in tropical rainforests
may be caused by the lack of appropriate, reliable and cost-effective methods, the use of hair-
snaring followed by precise molecular identification represents a viable approach for detecting
elusive carnivore species (Garcia-Alaniz et al. 2010). The Andean bear (Tremarctos ornatus)
was also molecularly identified (Cyt b region) from hair and fecal samples collected in the
southern areas of its distribution range, leading to the update and expansion of the species range
by 150 km in Argentina (Cosse et al. 2014). All these cases highlight the applicability of
molecular tools for samples that are not morphologically identifiable, as well as their usefulness

in ecological studies and conservation planning.



Despite this being less usual, sequences from nuclear genes can also be applied to
species identification. In spite of their lower degree of interspecific divergence and higher
homoplasy in relation to mtDNA sequences, nuclear markers are particularly helpful for
species identification in cases of hybridization. Combined with mtDNA markers, nuclear
markers may help us understand hybridization processes in natural contact zones between
congeneric species, or when human activities result in habitat degradation, promoting a non-
natural contact between species. In a study of Leopardus guttulus and Leopardus geoffroyi at
their geographic contact zone, Trigo et al. (2013, 2014) used a combination of nuclear markers
(ten microsatellite loci, X chromosome-linked regions - PLP1 and BTK, and Y-linked
chromosome regions - ZFY and SMCY3) and mtDNA (NADH dehydrogenase subunit 5), to
identify hybrid individuals, mostly when the phenotype of a hybrid was indistinguishable from
one of the parental species. The association of different molecular markers, in this case, allowed
for the construction of a complete scenario of the contact zone between these two species of
felids (Trigo et al. 2014). Natural hybridization was also molecularly confirmed in primates,
between Alouatta pigra and Alouatta palliata in Mexico (Cortés-Ortiz et al. 2007). Using
microsatellites (eight loci), as well as mtDNA (Cyt b) and Y-chromosome linked genes (SRY
gene), the authors were able to trace back the maternal and paternal lineages of hybrid
individuals. This approach revealed that only when A. pigra females crossed with A. palliata
males they produce fertile female descendants in the first-generation offspring (F1), whereas
their male offspring were infertile (Cortés-Ortiz et al. 2007). Other natural hybridization zones
between neotropical mammals (e.g., manatee, Vilaca et al. 2019; camelids, Gonzélez et al.

2020) were confirmed with the use of molecular tools.

Hybridization is most important when it results from the spread of an invasive species,
usually caused by human activity, such as animal trade or habitat disturbance, leading to non-
sympatric species being in contact with each other. Among the primates of the Callithrix genus,
besides causing habitat displacement and engaging in competition for resources (Melo et al.
2020), invasive species threaten native ones due to the possibility of hybridization that
produces fertile descendants (Malukiewicz 2019), possibly resulting in the loss of the pure gene
pool of the native species. Using the mtDNA control region, Malukiewicz et al. (2014) found
different patterns of hybrid formation between anthropogenic and natural zones. In the former,
there is a more abrupt removal of the reproductive barrier than in the natural zones,

demonstrating that anthropogenic landscape alteration favor hybrids formation.



17.2.2 Biodiversity monitoring through molecular species identification

Sampling and detecting mammal species can be a challenging task, because many of
them can be rare, elusive, or found in low-density populations. Traditional mammal surveys
have involved setting camera traps and line transects for direct or indirect (i.e., feces, footprints)
observation. However, species identification based only on the morphology of the feces, for
example, is not an easy task, and it can lead to inaccurate identifications of several mammal
groups (leporids: Rodrigues et al. 2020; felids: Farrel et al. 2000; deers: Oliveira et al. 2022).
In contrast, the use of molecular identification of biological samples has been employed as an
efficient tool for detecting mammal species (e.g., carnivores: Miotto et al. 2014; Saranholi et
al. 2017; Souza et al. 2017; Srbek-Araujo et al. 2018; leporids: Rodrigues et al. 2020; bats:
Clare et al. 2007; small mammals: Borisenko et al. 2008). For example, the detection of an
elusive deer species (Mazama spp.) in the Atlantic Forest was conducted by combining camera
trap recordings with opportunistic data collection and molecular species identification (Cyt b)
of fecal samples (Oliveira et al. 2022). The latter accounted for 72% of the occurrence
confirmation data for these deer species, which highlights the potential of this approach for
monitoring elusive species. Also, tissue samples from dead animals, e.g., road-killed animals
(Balkenhol and Waits 2009; Saranholi et al. 2016), or from forensic apprehensions, e.g.,
illegally hunted animals (Pun et al. 2009), can also undergo molecular analysis for a very

precise species identification.

The molecular species identification of dead specimens is especially important when
samples are collected from highly deteriorated carcasses for road ecology studies. The use of
DNA barcodes has been proposed as a complementary technique to help understand the
impacts of roads on the surrounding biodiversity. For instance, out of a total of 62 vertebrate
species molecularly identified (COI gene) among the road-kills of only 25 km of a road
crossing an area of Atlantic Forest area in Brazil, 27 were mammal species (Klippel et al. 2015).
Molecular tools have also been critical for the identification of small-sized road-killed species
(amphibians, reptiles, birds, small mammals), whose carcasses are generally more damaged
and degraded than those from large animals (Rodriguez-Castro et al. 2017). In addition to
species identification, modeling hotspots where animals are more likely to be road-killed could
be useful to elucidate the ability of certain species to move and to explain their relationship
with the landscape (Rodriguez-Castro et al. 2017), and this could contribute to guiding

mitigation strategies to be implemented along roads (see more in Chapter 18).



The use of DNA barcoding in association with next-generation sequencing technologies
has broadened the applicability of species identification through metabarcoding. With this
approach, it is possible to recover DNA information pertaining to more than one species from
a single biological sample — such as feces, for dietary studies (see below) — or from mixed
samples, such as those obtained from environmental DNA (eDNA). Species identification
through metabarcoding has greatly enriched eDNA studies that aim to assess a community of
species by sampling water (Mena et al. 2021), soil (e.g., Leempoel et al., 2020) and air (e.g.,
Lynggaard et al. 2022). eDNA has been successfully employed for detecting and monitoring
mammals, especially those that are endangered, invasive, or elusive (Bohmann et al. 2014). A
similar approach has also been used to identify mammal species with basis on the digestive
contents of hematophagous or coprophagous insects, known as iDNA, i.e., the DNA that has
been ingested by or extracted from invertebrates (e.g., Calvignac-Spencer et al. 2013;
Lynggaard et al. 2019). eDNA and iDNA have been regarded as powerful tools for rapid
biodiversity assessment, constituting a promising approach that is still little explored in
neotropical mammal studies (Cristescu and Hebert 2018; Carvalho et al. 2022; see more in
Chapter 19).

17.2.3 Molecular identification of prey and diet

The study of diet is another use for the barcoding approach through species
identification from feces or digestive content. By identifying which animals or plants are eaten
by the target species, researchers can have a better understanding of their feeding habits, the
resources at their disposal, prey densities, and potential competition with sympatric species
from the same guild (Janecka et al. 2020). For instance, by amplifying a mtDNA (COl)
fragment from the genetic material retrieved from guano, Rolfe et al. (2014) compared the diet
of two sympatric species of insectivorous bats (Mormoops blainvillei and Pteronotus
quadridens) in Puerto Rico. The authors were, then, able to identify the families and even the
genera of the insects consumed, whereas previously they had reached the order level at best,
based only on the morphology of prey remains; this reaffirms the greater accuracy of molecular
analyses for the species identification. More recently, metabarcoding has been successfully
employed to investigate the diets of top predators (e.g., giant otter Pteronura brasiliensis,
rRNA12S and COI, Quémeéré et al. 2021), herbivores (e.g., lowland tapir Tapirus terrestris, P6
loop region of the chloroplast trnL intron-UAA, and internal transcribed spacer - ITS gene,
Hibert et al. 2013), and small mammals (e.g., Ctenomys spp., UAA and ITS, Lopes et al. 2020)



in the neotropics, based on their fecal samples. For instance, a study that aimed to analyze the
coexistence and niche partitioning by 25 species of bats from various guilds, in the tropical dry
forests of Belize, found no case of complete overlap of the feeding items consumed by those
species (Ingala et al. 2021). To determine the list of consumed items, the authors collected fecal
DNA samples, and used the metabarcoding approach by amplifying mini barcodes of ingested
plants (P6 loop region), arthropods (rRNA16S), and vertebrates (rRNA12S) (See more details
in Chapter 19).

17.3 Sample individualization and molecular sex identification

After the species is identified, distinguishing between the individuals within the
collected samples and determining each one’s sex is also possible with the use of molecular
tools. Individualizing samples with the use of molecular markers, that is, determining which
individual corresponds to a given sample, represents a significant development for ecological
studies, especially those that aim to make demographic estimates, such as density and
abundance, but also for studies interested in estimating distribution as well as extension and
overlap of home ranges for different individuals (Selkoe and Toonen 2006; Rodgers and
Janecka 2013). This approach is especially useful when the sampling method does not involve
collecting a biological sample directly from the animal, but rather using traces left in the
environment — such as feces, regurgitates and hair. In addition, the knowledge of sex ratios
within a population enhances our understanding of the population’s demography, and sex
identification can be used to investigate behavioral differences between sexes (Rodgers and
JaneCka 2013). The combination of these basic — but critical — information sets (molecular
identification of species, sex, and individualization) can enhance the quality of a species'

ecological data.
17.3.1 Molecular markers used in sample individualization

In order to obtain genotypes that differentiate samples at an individual level, the
molecular markers used in the individualization of samples must exhibit a high degree of
polymorphism, and among the most used and important markers are microsatellites (Fig. 17.2).
As they are codominant and display a high degree of polymorphism, the genotypes obtained
from them allow us to differentiate individuals with great success, even in the case of related

individuals. Furthermore, microsatellites are usually sequences that are short enough to be
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amplified by PCR even in samples containing degraded DNA, such as non-invasive samples
or the carcass of a road-killed animal. From a microsatellite panel, it is possible to calculate the
Probability of Identity (Pip) value, which estimates the likelihood that two unrelated individuals
have the same genotype profile by chance (Waits et al. 2001). Low PID values indicate better

assignment at individual level.

Other nuclear markers can be used for individual identification. SNPs are promising
candidates for that, although these molecular markers are generally biallelic, which could entail
a reduction in individualization power when compared with multiallelic molecular markers
(e.g., microsatellites). Next-generation sequencing (NGS) technology advancements now make
it possible to obtain and genotype hundreds or even thousands of SNP loci, and this extensive
genomic coverage enables robust sample individualization (e.g., Buchalski et al. 2022).

17.3.2 Applicability of individualization in ecological studies

The molecular individualization of samples provides a wealth of information for
ecological studies. Miotto et al. (2007, 2012) collected feces to identify the minimum number
of Puma concolor individuals inhabiting conservation units in southeastern Brazil. By
conducting systematic sampling over the years, it was possible to recapture some of those
individuals, i.e., collecting fecal samples of the same individual several times within the study
period allowed for the identification of residents and new individuals inhabiting the area. The
same approach was used by Ramalho et al. (2014) to obtain demographic estimates for the
Chrysocyon brachyurus in a conservation unit of the Cerrado biome, in Brazil. Also using fecal
samples in their work, Trinca et al. (2013) determined the number of individuals and the
population density of Lontra longicaudis, a semi-aquatic mammal, inhabiting an Atlantic
Forest area in Brazil. In addition to aiding in the production of demographic estimates,
individualization through fecal samples may be helpful to understanding aspects of a species’
behavior. For example, by individualizing fecal samples from Leopardus pardalis inhabiting
Barro Colorado Island, in Panama, Rodgers et al. (2015) found that communal latrines can
constitute scent communication centers, where one L. pardalis could establish communications

with up to fourteen others.

Individualization is also used for estimating genetic parameters of a population, such
as genetic diversity, gene flow, and effective population size, since obtaining the genotypes of

the individuals is necessary for such studies. Therefore, when using non-invasive samples, or
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when the origin of a biological sample is uncertain, molecular individualization is a mandatory
step before performing population genetic analyses. By molecularly individualizing fecal
samples, several studies have obtained information on effective population size, inbreeding,
and relatedness for several neotropical mammals, such as P. concolor (Miotto et al. 2011;
Saranholi et al. 2017), T. terrestris (Saranholi et al. 2022), Panthera onca (Wultsch et al. 2016);
C. brachyurus (Ramalho et al. 2014), L. longicaudis (Trinca et al. 2013). All these studies
relied on microsatellites for sample individualization, which supports the applicability of this

molecular marker even for samples containing degraded DNA.

Despite the potential of SNPs for sample individualization above mentioned, to the best
of our knowledge, only two studies have focused on establishing an informative SNP panel for
the individualization of samples from a neotropical mammal, thus far. P. concolor was
investigated in both studies (Fitak et al. 2016; Buchalski et al. 2022), in which 25 and 95 SNP

loci were used to differentiate between individuals, respectively.
17.3.3 Molecular sexing

The molecular markers commonly used for sex identification are located in sexual
chromosomes. The primers that amplify a segment of the SRY (sex-determining region Y)
gene, located in the Y chromosome, are widely used in sex determination for several
mammalian species, such as primates (Di Fiore 2005), tapirs (T. terrestris, Pelizzon et al. 2017),
mustelids (L. longicaudis, Trinca et al. 2013) and carnivores (DeCandia et al. 2016). In these
case, the successful PCR amplification of the SRY fragment indicates that the analyzed
individual is a male. Furthermore, it is not necessary to sequence the amplified fragment, as
one can observe its presence or absence directly through agarose gel electrophoresis, which
makes this test relatively inexpensive. In other cases, molecular markers present in both X and
Y chromosomes can be used. In the amelogenin (AMELX and AMELY) (e.qg., felids, Pilgrim
et al. 2005) (Fig. 17.3) or zinc-finger (ZFX and ZFY) (e.g., Tayassu pecari; Rufo et al. 2015)
genes, the existing polymorphisms between the X and Y chromosomes lead to variations in
fragment sizes because of nucleotide deletions in the Y chromosome. Thus, two same-sized
fragments are amplified for females, resulting in a single visible band on the agarose gel,
whereas two fragments of distinct sizes are visible for males, since they possess the X and Y
copies of the genes (Fig. 17.3). Particularly for methods based on a single gene, such as the
SRY gene, it is important to include the amplification of other genes present in both sexual

chromosomes in the same PCR (multiplex PCR), such as the zinc finger gene, as a positive
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control, in order to prevent the false identification of males as females, since amplification of
the Y chromosome gene may fail in samples with low-quality DNA.

Obtaining sex-related data from individuals can help us to better understand the ecology
of the species. For example, in Souza et al. (2017), the presence of P. onca in an area where it
was believed already extinct was revealed by fecal molecular identification, and the
individualization of the samples counted three different individuals; in addition, molecular
sexing revealed that two individuals were females, and one male. These results not only
confirmed the presence of a rare and elusive species in the area, but also provided more detailed
information on the number and sex of the individuals, which can be valuable for monitoring
the populations of this threatened felid species. Molecular sexing can also be useful for
studying behavioral patterns in mammals. In the studies of Trinca et al. (2013) and Miotto et
al. (2014), the female L. longicaudis and P. concolor individuals, respectively, were considered
philopatric, whereas males of both species tended to disperse. In the study on scent
communication in communal latrines used by L. pardalis, molecular sexing of the fecal
samples revealed that males had the potential to communicate with more individuals than
females by marking the territory with their feces (Rodgers et al. 2015). Sex information
obtained through molecular methods in Myrmecophaga tridactyla was used to test the
existence of sex-biased dispersal in the species, which was not corroborated by the authors

within the studied region (Barragan-Ruiz et al. 2021).

17.4 Behavioral Ecology

The development of molecular techniques has allowed to improve the evaluation of the
adaptive value of a certain behavior, and its evolution under different ecological circumstances.
The study of relatedness among individuals within a population is of great interest to biologists,
from classical geneticists to conservation biologists and molecular ecologists. Dispersal and
philopatry are two of the main behaviors that can shape relatedness and other genetic
characteristics of populations. Relatedness is central in quantitative genetic studies aimed at
investigating the inheritability of a given quantitative trait, the mating system of a wild
population, dispersal patterns that shape genetic diversity, and predictions on the best mating
pairs in captive breeding programs, among many other applications (Lynch and Walsh 1998;
Prugnolle and Mee(s 2002; Jones and Wang 2010; Fienieg and Galbusera 2013). Some of these

aspects will be presented in the following sections.
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17.4.1 Relatedness and mating systems

In wild populations, the observation of genealogy or pedigree structure is often
unfeasible; thus, researchers can only rely on DNA-based methods to estimate relatedness.
Since sample individualization is based on genotyping, typically with the use of biparentally
inherited and independent nuclear markers such as microsatellites or SNPs, this genetic data
can be used to assess relatedness between individuals, groups, or within populations. Methods
for relatedness analysis can be divided into two categories, relatedness estimators and
assignment of individuals to relationship categories (Blouin 2003). Relatedness estimators
calculate the probability of identity by descent (IBD), which is the probability that two alleles
at a given locus, one from each individual, are recently descended from a common ancestral
allele within a reference population (Blouin 2003). At any locus, two individuals may share
zero, one or two alleles that are identical by descent, and the probabilities of these events (also
known as km, where m is the number of IBD alleles) depend on their true relationship (Table
17.1). For example, the probability that parent and offspring share one allele that is IBD at any
locus (ky) is 1. The estimate takes the form of a range of values usually between -1 and 1 or 0
and 1, depending on how the estimator fits the k probabilities into its algorithm (Milligan 2003).
The categories of genealogical relationships between individuals, such as full siblings, parent-
offspring, half-siblings, etc., are inferred from the probabilities of alleles being shared
(Kalinowski et al. 2006) (Table 17.1). Parentage analysis is a special class of analysis in which
one aims to assign an offspring to its true mother and/or father by using likelihood ratios, which
compare the probabilities that the observed genotypes are parent-offspring under alternative
hypotheses concerning their relationship category (Jones and Ardren 2003; Weir et al. 2006).

There are many relatedness estimators available (e.g., Queller and Goodnight 1989;
Lynch and Ritland 1999; Wang 2007; Milligan 2003), and each estimator has its advantages
and limitations (van de Casteele et al. 2001; Blouin 2003; Oliehoek et al. 2006). There are
several software that implement more than one estimator simultaneously, so the most suitable
to the input data may be chosen (Wang 2011). Estimates of relatedness and relationship are
strongly affected by the number of loci and the number of genetic marker alleles chosen, the
distribution of the alleles within their loci, rates of allelic dropout, presence of null alleles (i.e.,
alleles that fail to amplify), and allele frequencies within the reference population (Oliehoek et
al. 2006; Weir et al. 2006; Wagner et al. 2006). For example, if only two alleles (i and j) are
present in a population for a given locus, then all individuals in this population are either

heterozygote (ij) or homozygote (either ii or jj) for these alleles. Considering this locus alone,
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if two individuals present the same genotype, it will be impossible to distinguish between
alleles that are identical by descent or identical by state (IBS, i.e., same nucleotide sequence,
but not necessarily inherited from a common ancestor), and thus relatedness cannot be
estimated. However, with the use of more loci, it is possible to study relatedness even in
populations that display low genetic diversity, including inbred individuals (Wang 2011).
Relatedness between individuals can also be influenced by numerous ecological and behavioral
factors, such as their mating system, overlapping of generations (Kopps et al. 2015), sexual
selection (Young and Bennett 2013), patterns of dispersal behavior (Prugnolle and Meeds
2002), breeding success (Amos et al. 2001), kin selection (Aronsson et al. 2020), genetic
diversity, bottleneck events (Robinson et al. 2013), and inbreeding avoidance (Cohas et al.
2008).

Population, group or individual kinships are not static throughout space and time (Croft
et al. 2021) and understanding all ecological and behavioral factors influencing relatedness is
not a trivial task. The case of the vulnerable white-lipped peccary (T. pecari) is an interesting
example of relatedness being used to study their mating system and the relationship with
competition, sex ratio and dispersal behavior (Leite et al. 2018). This species presents no
apparent sexual dimorphism (Keuroghlian and Desbiez 2010). A monogamous mating system
is usually expected among species without sexual dimorphism and for which the operational
sex ratio (the average ratio of sexually active males to receptive females) is not skewed
(Clutton-Brock 2007). However, through parentage tests, Leite et al. (2018) observed males
and females having offspring with more than one partner, which is consistent with a
promiscuous mating system. The authors suggested that the observed pattern could have
resulted from intrasexual competition as well as the influence of natural and/or sexual selection
for both sexes (Biondo et al. 2011; Leite et al. 2018).

In captive populations of ongoing breeding programs, minimal relatedness between
mating pairs is desired in order to maintain genetic variability and avoid the effects of
endogamy and genetic drift (Montgomery et al. 1997; Rudnick and Lacy 2008). The
endangered black-lion-tamarin (Leontopithecus chrysopygus) is an example of how relatedness
can be used in ex-situ management. This rare primate is endemic to the Atlantic Forest of the
state of Sdo Paulo in southeast Brazil (Kierulff et al. 2008), and only 1600 individuals are
estimated to remain in the wild (Rezende et al. 2020). After a few dozen individuals were
moved to zoos and conservation facilities, the studbook for black-lion-tamarins was created in
1987 to keep track of the genealogy of captive individuals (Simon 1988). Despite the intense

efforts to maintain records on the genealogy of the black-lion-tamarins (as well as other captive
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species), this information is often incomplete, and thus molecular methods are useful to
estimate the relatedness and relationships among contemporary and founder individuals
(Russello and Amato 2004). Ayala-Burbano et al. (2020) analyzed the whole ex-situ population
of black-lion-tamarins using microsatellite markers and found an average of two alleles per
locus in addition to a high level of relatedness among captive individuals. The authors proposed
an integrative approach for the ex-situ conservation of this species, which could be applied to
other captive populations as well, conducting analyses of nuclear markers — as presented in this
chapter —to monitor expected heterozygosity, individual heterozygosity, allele richness, private
alleles, population structure, inbreeding, and relatedness.

For lowland tapirs (T. terrestris), a combination of relatedness analysis (relationship
categories and relatedness estimators) was used to test the hypothesis that this species exhibits
relatedness-based social behaviors (Pinho et al. 2014). In this study, the authors collected non-
invasive samples (feces) from an island complex formed by the flooding of an area after the
construction of the Balbina hydroelectric dam in central Amazon, Brazil, and they genotyped
individuals using five sufficiently informative microsatellite loci to discriminate between
individuals. The authors found no statistical difference between distances separating related
and unrelated pairs of individuals, concluding that tapirs in this region have no preference for
being close to relatives of either sex, which may suggest that both sexes are prone to dispersing.
The opposite was found for the neotropical otters (L. longicaudis) in the Atlantic Forest in
southern Brazil, where the social organization of this species appears to be highly influenced
by relatedness, since relatives were usually found in proximity, with this organization driven
by female philopatry (Trinca et al. 2013). Otters are assumed to occur at low densities and show
an elusive behavior, but they also usually defecate in latrines along the margins of rivers (Kruuk
2006), which facilitates the use of non-invasive sampling for this species. Trinca et al. (2013)
employed a non-invasive approach combined with the amplification of ten microsatellite loci
to assess demographic parameters, spatial organization and relatedness within this neotropical
otter population.

Biologists are frequently limited to a small number of already available microsatellite
loci to study relatedness in captive and wild populations. The development of next-generation
sequencing has made it possible to identify thousands of single polymorphism nucleotides
(SNP), which increases our ability to distinguish between individuals and their relatedness.
However, the studies of neotropical mammals still make poor use of this methodology.
Although relatedness analysis has many applications, studies would generally benefit from

sampling as many individuals as possible within and across populations of interest, as well as
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from using a panel of markers that is sufficiently informative (either microsatellites or SNPs)
(Pemberton 2008).

17.4.2 Dispersal and philopatry

Dispersal can be defined as “the movement the animal makes from its point of origin
to the place where it reproduces or would have reproduced if it had survived and found a mate”
(Howard 1960). On the other hand, philopatry is the opposite behavior, and can be defined as
“the faithfulness of an individual to its natal and breeding site or group” (Greenwood 1980).
Philopatry causes related individuals to remain in proximity, whereas dispersal promotes the
geographical separation of related individuals, directly influencing the genetic structure pattern
of a species. The clustering of related individuals due to philopatry is found not only in
gregarious species, but also in solitary ones (Waser and Jones 1983), which is generally
expressed in the form of overlapping home ranges (Ratnayeke et al. 2002; Quaglietta et al.
2013). Due to the differences in constraints and advantages experienced by individuals of each
sex, behavior can differ between sexes (Greenwood 1980; Dobson 1982). Dispersal is often
sex-asymmetrical, and the tendency for each sex to disperse or remain philopatric has been
strongly correlated with the species mating system.

Dispersal is commonly associated with three main causes, which are not mutually
exclusive: competition for mates, competition for resources and inbreeding avoidance (Packer
1979; Greenwood 1980; Dobson 1982; Moore and Ali 1984; Pusey 1987). In polygamous
mammals, dispersal is generally male-biased, whereas females are prone to philopatry
(Greenwood 1980). In this case, males can benefit from dispersal because this is likely to
increase their access to females, decrease competition with resident dominant males, and avoid
inbreeding with related females. In polygamous species where females are primarily
responsible for parental care, not dispersing allows them to take advantage of their knowledge
of local resources; when resources are available, they are more likely to share their home ranges
with daughters, but they are less likely to allow the permanence of male offspring in order to
avoid inbreeding (Waser and Jones 1983; Pusey and Packer 1987; Sandell 1989). In
monogamous mammals, dispersal should be equally frequent in both sexes, and parents do not
evict either sex, because fathers do not have to compete with their sons for the breeding female,
and the breeding of female offspring does not incur any cost to the mother in populations that
are not at carrying capacity (Dobson 1982; Liberg and von Schantz 1985). It is important to
highlight that there are exceptions to these predictions (e.g., Dechmann et al. 2007; Nagy et al.
2007; Blair and Melnick 2012).
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There are two main approaches to inferring sex-biased dispersal from genetic data:
population-level analysis and individual-level analysis (Banks and Peakall 2012). The first
considers the set of samples (either a population or group of individuals) as the unit of analysis.
This approach includes analyses such as F-statistics and assignment tests, which are based on
the expected genetic signature of male and female individuals within populations (Goudet et
al. 2002). At the individual level, multilocus genotypes of individuals are the units of analysis,
for example, when doing correlation (i.e., Mantel test and spatial autocorrelation analysis) and
relatedness analyses (Prugnolle and Meels 2002; Banks and Peakall 2012). Population genetics
methods (e.g., F-statistics and assignment tests) are better explored elsewhere, as in Templeton
(2021).

One way of inferring sex-specific dispersal is through spatial autocorrelation analysis.
Spatial autocorrelation analysis (Fig. 17.4) is constructed on the basis of two matrices (genetic
and geographic distances between individuals). Pairs of individuals are categorized according
to classes of distances between them in order to test, at each distance class, if the individuals
are more or less genetically distant than what would be expected by chance (no spatial genetic
pattern) (Smouse and Peakall 1999). This analysis can be performed for each sex separately in
order to assess sex-specific patterns of dispersal (Gour et al. 2013), or with both sexes pooled
together to assess the general spatial organization of the population (Shmidt et al. 2016;
Woultsch et al. 2016).

Woultsch et al. (2016) assessed the dispersal of pumas (P. concolor), jaguars (P. onca)
and ocelots (L. pardalis) in Belize, Central America. The authors opportunistically collected
fecal samples from protected and unprotected areas to assess the human impact on the genetic
structure of these species. After the species were identified through mitochondrial DNA
sequencing, 14 species-specific microsatellites were amplified in order to individualize the
samples, and the sex of the individuals was determined through the amplification of two genes
that are only present in the Y chromosome. The authors used assignment tests and spatial
autocorrelation analysis (SAA) to examine the spatial extent of the genetic structure (Fig. 17.4),
modulated by dispersal, and to determine if dispersal was sex-biased in each of the three
species, as predicted for other polygamous felids (de Oliveira et al. 2021). Due to the small
number of samples, female jaguars and male ocelots were not analyzed separately. Genetic
association was shown to occur between the jaguars (mostly males) that were less than 20 km
apart from each other. Concerning the male pumas, no spatial autocorrelation was verified
across all distance classes, suggesting an absence of spatial structure caused by dispersal; on

the other hand, female pumas showed positive autocorrelation up to 23 km apart, indicating
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female philopatry. Female ocelots that were less than 83 km apart from one another showed
genetic association. These results suggested female philopatry, and also that ocelots could be
more successful moving through human-dominated landscapes than the other two species.
Jaguars are bigger than pumas, but the latter are known to travel longer distances in their
dispersal movements, even when moving through fragmented areas (Stoner et al. 2008),
whereas the former typically prefers forested areas (Crawshaw and Quigley 1991). Results
suggested subdivisions in the genetic structure of male jaguars, but not in male pumas, likely
because jaguars are more sensitive to disturbed areas.

Species differ markedly in their dispersal distances (Whitmee and Orme 2013) and
abilities to overcome human disturbances in the landscape. Less mobile species that rely on
forest cover may be more affected than generalist and highly mobile carnivores. Groups of
reintroduced golden lion tamarins (Leontopithecus rosalia) were monitored and the dispersal
pattern (distance and sex bias) could be investigated in the Atlantic Forest in southeastern
Brazil (Moraes et al. 2018). Hair samples were collected, and 14 microsatellite loci were used
to generate individual genotypes. Dispersal potential was assessed with basis on the distance
between locations where shared alleles were found, whereas sex bias was assessed through
spatial autocorrelation analysis. Golden lion tamarins were found to effectively disperse up to
8 km, but gene flow was high only within a 2 km radius. Authors also observed no sexual bias
in the frequency of effective dispersal, which is expected for monogamous mammals, as is the
case of golden lion tamarins, although they found evidence of sexual bias in dispersal distances.
The absence of sex bias in effective dispersal is relevant for the conservation of the species,
because it promotes a higher gene flow and mitigates the effects of reproductive skew in
monogamous mating systems.

Although the behavior of dispersal has been strongly correlated to mating, there are
exceptions. The greater sac-winged bat (Saccopteryx bilineata) in Costa Rica, for instance, has
a mating system described as resource-defense polygyny, in which dispersal was found to be
female-biased and males form a patrilocal colony structure (Nagy et al. 2007). These results
were based on a panel of 11 microsatellites that were used to conduct paternity and relatedness
analysis on a colony monitored for eight years. For this species, it was proposed that inbreeding
avoidance was the main force driving the dispersal of females, since there was a generational
overlap between philopatric fathers and their female offspring. The authors suggested that this
behavior evolved from a state of complete offspring dispersal, as both the male and female

offspring of different species within the same genus are prone to dispersing.
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Local circumstances can also influence the propensity of individuals to disperse or
remain philopatric. For instance, changes in the social organization pattern of primates have
already been suggested to be the result of anthropogenic impacts (Di Fiore et al. 2009).
Oklander and Corach (2013), working with Alouatta caraya, used a panel of eleven
polymorphic DNA microsatellite markers to estimate kinship and maternity/paternity relations
of juvenile and subadult individuals in eleven social groups dwelling in fragmented areas, and
seven social groups in a continuous forest, in Argentina. Based on the obtained data, they found
that both males and females from the groups living in the continuous forest dispersed, whereas
dispersal was male-biased in the groups dwelling in fragmented forests, and this affected the
relatedness among individuals within their respective social groups. In the groups dwelling in
the continuous forest, adults were not closely related — whereas, in the fragmented forests, most
adult females were related (Oklander and Corach 2013). These findings suggest that habitat
fragmentation alters the ability of A. caraya to disperse, thus increasing the occurrence of
inbreeding, which, in the long term, threatens the populations living in modified landscapes
(Oklander and Corach 2013). For the guigna (Leopardus guigna) from Chile, increased
dispersal distances were correlated with increased fragmentation (Napolitano et al. 2015). In
Chloé Island (Chile), Napolitano et al. (2015) used a combination of biological samples (blood
from captured animals, feces and tissue from road-kills and retaliatory kills) and molecular
markers (mitochondrial DNA sequences, 15 microsatellite loci and two sex chromosome
genes) to investigate the influence of fragmentation on the genetic diversity, kinship,
inbreeding, and dispersal of guigna. The authors utilized a combination of relatedness and
spatial autocorrelation analyses to infer on dispersal. In more pristine areas, dispersal was
lower, probably because of a greater abundance of resources, whereas in the more fragmented
areas dispersal rates were higher, which may reflect a strategy aimed at reducing competition
over scarce resources. Therefore, in general, dispersal and philopatry are dynamic processes
that can be shaped by the costs and advantages of dispersing or remaining philopatric, and these

processes have a significant impact on the genetic structure of populations.

17.5 Concluding remarks

The investigation of ecological questions and the assessment of species with cryptic
behaviors have been greatly advanced thanks to the use of molecular tools. Utilizing

mitochondrial and nuclear markers, we can describe aspects of biodiversity even when working
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with low-quality biological samples. We can obtain valuable data as simple as which species
occur within an area and their individualized information, which may be used to infer spatial
distribution, individual behavior (e.g., use of space) and interspecific interactions (e.g.,
territoriality), to more complex relationships concerning individuals and populations (Fig.
17.1). All this information, associated with the ecological data gathered through traditional
methods, can be very useful to assess biological patterns and processes, and for implementation
of conservation efforts, which are especially needed in the current scenario of biodiversity loss

promoted by human activities.

The conservation status of mammals around the world is worrisome. Given the
profound impact that humans have had on the environment during the Anthropocene, it is
imperative that we understand which ecological processes are being affected, as well as the
original states of these processes, which can still be detected in well-preserved areas. The
molecular ecology tools can be very helpful in achieving that. However, the application of
genetic data for answering ecological questions and supporting strategies for the conservation
of neotropical mammals remains underdeveloped or employed with a focus limited to certain
groups (Torrez-Flores et al. 2017). Therefore, it is urgent that the number of molecular ecology
studies be increased and combined with other disciplines, as to enrich our knowledge of

neotropical mammals and strengthen biodiversity conservation efforts.
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Table 17.1. Probabilities kn that two individuals share m alleles (zero, one or two) which are

identical by descent, given their relationship.

Relationship Ko K1 Kz
Parent-offspring 0 1 0
Full-siblings 0.25 0.5 0.25
Half-siblings/grandchild-grandparent/niece or 0.5 0.5 0
nephew-uncle or aunt

First cousins 0.75 0.25 0
Unrelated 1 0 0

Figure captions

Fig. 17.1. Overview of the main steps involved in molecular ecology studies, from sampling
type, broad questions, molecular markers, and ecological aspects possible to be assessed by

molecular tools.

Fig. 17.2. Steps involved in molecular species identification and individualization based on

mtDNA sequences and microsatellite genotyping, respectively.

Fig. 17.3. Molecular sexing of fecal samples from Puma concolor in agarose gel 3% based on
the amelogenin gene region polymorphism (Pilgrim et al. 2005). Female individuals are
represented by a single band in the agarose gel, because the amelogenin gene has the same size
in both X chromosomes. Male individuals are represented by two bands in the agarose gel,
because there is a deletion of 20 base pairs (bp) in the Y chromosome. L — Ladder (1 Kb Plus
DNA, Invitrogen); F — Female; M — Male. Gene sizes: 214 bp in X chromosomes and 194 bp

in Y chromosome.

Fig. 17.4. Example of a spatial autocorrelogram of a species where individuals that are nearby
(up to 10 km apart) are more genetically similar than expected, which could be an indication
of philopatry or restricted dispersal. Blue lines connect the autocorrelation values of each
distance class. Dashed red lines represent the upper and lower limits of the null distribution.

Confidence error bars (usually 95%) are shown in black. Asterisks indicate significant spatial
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autocorrelation values (usually considering a p-value of <0.05). Arrow indicates the intercept

with x-axis.



