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Abstract The accurate diagnosis of conservation units now typically includes rec-
ognition of genetic diversity and unique evolutionary lineages and is necessary to
inform the conservation management of endangered species. We evaluated whether
the two currently recognized subspecies of the endangered Central American squirrel
monkey (Saimiri oerstedii) in Costa Rica are evolutionarily significant units (ESUs)
that should be managed separately in conservation efforts. We used previously
published sequences of 50 individuals of Saimiri oerstedii for 880 bp of the
mtDNA d-loop and genotypes of 244 individuals for 16 microsatellites and con-
ducted novel analyses to characterize genetic differentiation between subspecies of
Saimiri oerstedii. We measured sequence differentiation and inferred an intraspecific
molecular phylogeny and a haplotype network, and found consistent results support-
ing statistically significant divergence and reciprocal monophyly between subspecies.
A population aggregation analysis also supported Saimiri oerstedii citrinellus and S.
o. oerstedii as diagnosably distinct units. These results confirm previous genetic
studies with smaller sample sizes and are consistent with other factors including
differences in pelage and morphology and divergence at nuclear markers.
Conservation managers should manage these subspecies separately to prevent the
loss of genetic diversity via artificially induced outbreeding. High levels of genetic
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diversity may buffer populations against outside extinction pressures, to which
Saimiri oerstedii are vulnerable because of their dwindling habitat and small popu-
lation size.

Keywords Cebidae . Evolutionarily significant units (ESUs) .Microsatellite . mtDNA
control region . Platyrrhini

Introduction

The accurate diagnosis of conservation units in nature is necessary to inform the
conservation management of endangered species, particularly for threat analyses and
the definition of conservation targets (Mace 2004). With the recent expansion of
conservation genetics (DeSalle and Amato 2004), the diagnosis of conservation units
now typically includes recognition of genetic diversity and, specifically, unique
evolutionary lineages or evolutionarily significant units (ESUs; Ryder 1986; Vogler
and DeSalle 1994). ESUs are monophyletic groups of genetically differentiated
populations within a larger monophyletic species showing a long history of evolving
independently (Ryder 1986; Vogler and DeSalle 1994), and are often characterized by
reciprocal monophyly at mitochondrial (mtDNA) loci and significant divergence of
allele frequencies at nuclear loci (Moritz 1994). Crandall et al. (2000) suggested that
ESUs should be defined more broadly using the concepts of genetic and ecological
exchangeability. Exchangeability is rejected when there is “significant” evidence for
ecological or genetic differentiation between populations, and those populations
should be recognized as separate ESUs (Crandall et al. 2000). Unique evolutionary
lineages should be recognized as units in conservation planning to prevent hybrid-
ization and the potential for outbreeding depression (DeSalle and Amato 2004;
Templeton 1986), and also because they are phylogenetic species that cannot be
recovered if lost (Cracraft 1983; Moritz 2002). Indeed, managing several genetically
distinct taxa as a single unit can result in the local extinction of unique lineages
(Daugherty et al. 1990).

In this study, we inferred conservation units for the Central American squirrel
monkey (Saimiri oerstedii), one of the most vulnerable primates in Latin America
according to the International Union for Conservation of Nature (IUCN) Red List of
Threatened Species (IUCN 2012). Saimiri oerstedii are very charismatic and consid-
ered by many as a flagship species for biodiversity conservation, especially in Costa
Rica where the subspecies Saimiri oerstedii citrinellus in the Central Pacific region of
Costa Rica is considered a top conservation priority (Sierra et al. 2003). Saimiri
oerstedii can be found only in the Pacific moist forests of Costa Rica and northern
Panama below ca. 500 m asl (Arauz 1993; Boinski 1999; Boinski et al. 1998; Boinski
and Sirot 1997). The most recent survey estimates that there were in total 7000
Saimiri oerstedii remaining in 1995, including only 1500–1700 Saimiri oerstedii
citrinellus (Boinski et al. 1998; Boinski and Sirot 1997; Sierra et al. 2003).

The two subspecies of Saimiri oerstedii have been distinguished by pelage differ-
ences for some time (Hershkovitz 1984; Rylands and Mittermeier 2008), and have
disjunct geographic distributions on either side of the large Térraba River (Fig. 1;
Arauz 1993). There is limited genetic support for the Saimiri oerstedii subspecies as
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distinct genetic lineages (Boinski and Cropp 1999; Cropp and Boinski 2000).
However, these two studies included only two samples from each subspecies, and a
larger sample size is necessary to diagnose ESUs with confidence (Walsh 2000).
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Fig. 1 Ranges of both subspecies of Saimiri oerstedii in Costa Rica, following Arauz (1993), and sampling
locations for the mtDNA analysis. The Saimiri oerstedii oerstedii sampling location is highlighted in a
white square (Golfito) and S. o. citrinellus sampling locations are shown in black triangles (western
population) and hollow circles (eastern population). Inset provides finer detail for the Central Pacific
region of Costa Rica, showing the putative limit of 500 m altitude to their distribution. Inset adapted from
Blair and Melnick (2012a).
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Subspecies of Saimiri oerstedii have been mixed in captivity in the past, resulting in
ex situ hybridization (Boinski et al. 1998; L. Müller pers. comm.) and highlighting
the importance determining the extent to which these subspecies are ESUs.
Previously, we analyzed mtDNA sequences to study dispersal patterns in Saimiri
oerstedii citrinellus. Here, we use these data to characterize genetic differentiation
between subspecies of Saimiri oerstedii. Specifically, we inferred an intraspecific
molecular phylogenetic tree and a median-joining haplotype network, expecting more
robust support, i.e., reciprocal monophyly, for the recognized subspecies of Saimiri
oerstedii as separate ESUs. We also conducted population aggregation analysis (PAA;
Davis and Nixon 1992) on the mtDNA sequence data to determine if the two subspecies
are diagnosably distinct based on molecular characters. Finally, we included a novel
analysis of previously published microsatellite data (Blair and Melnick 2012a, b) to
examine the distribution of genetic variation at nuclear markers between subspecies for
concordance with the mtDNA analysis results. Several private alleles limited to each
subspecies would add further support to their genetic distinctiveness.

Materials and Methods

Sampling and DNA Extraction

We collected fecal samples from 14 different groups of Saimiri oerstedii citrinellus in
the Central Pacific region of Costa Rica from September 2008 to April 2009 (Fig. 1)
as a part of a larger study of the population genetics and molecular ecology of this
species (Blair 2011; Blair and Melnick 2012a, b). The mean size of sampled groups
was 39 individuals (range, 18–67). We stored samples in 8-ml plastic tubes with
RNAlater buffer (Ambion) at 4 °C in the field and −20 °C in the laboratory. We
extracted total DNA with QIAamp DNA Stool Minikits (Qiagen) using minor
modifications to the manufacturer’s protocol (“Isolation of DNA from Stool for
Human DNA Analysis” July, 2007) to increase DNA yield from nonhuman primate
fecal samples (Blair and Melnick 2012a).

This research was performed in accordance with the laws of the United States and
Costa Rica (research and collection permit for fecal samples of Saimiri oerstedii from
the Costa Rican Ministry of Energy and the Environment No. ACOPAC-INVN-14-08,
import permit from the Centers for Disease Control and Prevention No. 2008-08-151).
This research also complied with protocols approved by the Institutional Animal Care
Committee at Columbia University (Protocol AC-AAAA5583).

Microsatellite Genotyping and mtDNA Sequencing

Previously, we genotyped 244 individuals (233 of Saimiri oerstedii citrinellus and 11
of S. o. oerstedii) at 16 microsatellite markers (see Blair and Melnick 2012b for full
details of microsatellite genotyping methods). Here we conducted novel analyses of
these genotype data that focus on genetic differentiation among subspecies.

As a part of the earlier study, we chose a geographically representative subset of 42
samples of Saimiri oerstedii citrinellus for mtDNA sequencing (Blair and Melnick
2012a). We also sequenced samples previously collected by G. Gutierrez-Espeleta,
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including one sample of Saimiri oerstedii citrinellus from Uvita and seven samples of S.
o. oerstedii from two localities in Golfito, in the Southern Pacific region of Costa Rica
(Fig. 1; Table I). However, Blair and Melnick (2012a) did not include the sequences of
Saimiri oerstedii oerstedii in their major analyses as these samples were sequenced only
to confirm the monophyly of S. oerstedii sequences and provide evidence against the
amplification of nuclear pseudogenes (Blair and Melnick 2012a). Here, we conducted
novel analyses to examine these sequences of Saimiri oerstedii oerstedii along with
the sequences of S. o. citrinellus for a total sample set of 50 individuals.

mtDNA sequences covered a total of 880 bp including part of the mtDNA d-loop
and part of tRNA-Pro, falling within the ca. 15,500–16,400 bp in the whole mtDNA
genome according to the human reference sequence (GenBank sequences
HQ906788-906837; see Blair and Melnick 2012a for full details). Although we
originally sequenced 924 bp, we excluded 43 bp owing to inadequate coverage across
all samples. In the present study, we also included an outgroup sequence from
GenBank for phylogenetic analyses (Saimiri boliviensis, AB371091).

Table I Geographic coordinates of sampling localities in decimal degrees (WGS84), from Blair and
Melnick (2012a, b) and Gutierrez-Espeleta (pers. comm.), for all samples included in both the mtDNA
and microsatellite analyses

Locality name Longitude Latitude

HRCG (Hotel Rancho Casa Grande), Quepos −84.13987 9.43913

Manuel Antonio National Park–A −84.13697 9.38304

Manuel Antonio National Park–B −84.14563 9.3913

Byblos (Hotel)–A, Manuel Antonio −84.15721 9.40333

Byblos (Hotel)–B, Manuel Antonio −84.1601 9.40756

California (Hotel)–A, Manuel Antonio −84.15774 9.4168

California (Hotel)–B, Manuel Antonio −84.15958 9.42105

Uvita −83.733 9.149

Piscis (Cabinas)–A, Manuel Antonio −84.15257 9.3954

Piscis (Cabinas)–B, Manuel Antonio −84.15786 9.39786

Iguana Jack's, Manuel Antonio −84.14873 9.39131

Playa el Rey, West −84.11412 9.37612

Playa el Rey, East −84.09357 9.37424

Tulemar, Manuel Antonio −84.15935 9.40747

Villanueva −84.07194 9.47655

Cerros −84.18387 9.52248

Esterillos −84.46243 9.53366

Damas–A −84.22422 9.50755

Damas–B −84.2191 9.5117

Chirraca–A −84.32950 9.60193

Chirraca–B −84.34314 9.59134

Gamalotillo −84.45425 9.62074

Golfito–A −83.178731 8.654947

Golfito–B −83.171975 8.647903
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Data Analyses

We estimated mtDNA sequence divergence between the subspecies by comparing the
number of fixed differences and shared substitutions, and the mean nucleotide
substitutions and number of net substitutions per site (Dxy and Da, respectively, with
Jukes-Cantor correction), using DNASP v 5.1 (Librado and Rozas 2009). We per-
formed a permutation test (10,000 randomizations) of genetic differentiation using
the nearest-neighbor statistic (Snn) implemented in DNASP. Snn estimates how often
the most similar sequences in a data set are from the same population.

We inferred phylogenetic relationships among mtDNA sequences usingML analyses
implemented in PALM (Chen et al. 2009) and Bayesian analyses implemented in
MrBayes v 3.1.2 (Ronquist and Huelsenbeck 2003). We chose the model of sequence
evolution using the Akaike Information Criterion (AIC), which compared 56 models in
PALM, and 24models for Bayesian analyses inMrModeltest v 2.3 (Nylander 2004).We
calculated bootstrap values for ML with 1000 replicates, with a 50 % consensus level,
and the remaining parameters at default settings in PALM. In the Bayesian analyses, we
ran four Markov Chain Monte Carlo (MCMC) chains for 1,000,000 generations,
sampled every 100 generations, with 2500 samples discarded as the burn-in.

We inferred a haplotype network of the mtDNA sequences using a median-joining
algorithm (Bandelt et al. 1999) implemented in NETWORK v 4.5 (Fluxus) with an
epsilon value = 0 and all variable sites weighted equally. We defined haplogroups as
groups of haplotypes with four or more shared substitutions.

We also analyzed the mtDNA data using the discrete character-based methodology
of population aggregation analysis (Davis and Nixon 1992). Population aggregation
analysis groups taxa together based on the presence of shared, fixed traits such that
they are diagnosably distinct from one another (Cracraft 1983). To evaluate our a
priori hypothesis that Saimiri oerstedii citrinellus and S. o. oerstedii are distinct units,
we generated a character matrix from mtDNA sequences using MacClade v 4 (Sinaur
Associates Inc.). We then screened the matrix for the presence or absence of fixed and
alternate character differences among putative units.

In a previously published study, we ran Bayesian clustering algorithms on the
microsatellite data and assigned Saimiri oerstedii oerstedii samples to a significantly
different genetic cluster than S. o. citrinellus samples (Blair 2011; Blair and Melnick
2012b). However, those results were more useful for inferring population genetic
structure within Saimiri oerstedii citrinellus because of the large bias in sampling
toward that subspecies (N=233S. o. citrinellus vs. N=11S. o. oerstedii). Owing to
sampling bias, we limited our analyses of the microsatellite data in the current study
to identifying private alleles across the data set.

Results

Phylogenetic Analyses of mtDNA Data

Based on AIC comparison, we chose a Hasegawa-Kishino-Yano (HKY) model of
nucleotide evolution with a G distribution of rates for both ML and Bayesian analyses
(Hasegawa et al. 1985). Our Bayesian and ML analyses supported the monophyly of
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Saimiri oerstedii, as a distinct species, and of S. o. oerstedii and S. o. citrinellus, as
distinct subspecies (Fig. 2). Although our Bayesian posterior probability values
supporting the monophyly of subspecies are high (0.93 and 0.92, respectively), they
were not as high as in many other studies using Bayesian inference. Reanalysis of the
data with only the most conserved 200 bp of the analyzed sequence did not improve
support. Within Saimiri oerstedii citrinellus, Bayesian and ML analyses supported
the monophyly of a population comprised of samples from the western portion of the
range (Fig. 2). Within Saimiri oerstedii oerstedii, there were longer branch lengths
and some strongly supported intrasubspecific phylogenetic relationships.

mtDNA Haplotype Network

Haplotypes clearly clustered into three major haplogroups: a western population of
Saimiri oerstedii citrinellus, an eastern population of S. o. citrinellus, and S. o.
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oerstedii (Fig. 3). There were greater distances overall among samples from
Saimiri oerstedii oerstedii than among samples from S. o. citrinellus. There
were also more haplotypes and greater distances among haplotypes in the eastern
population of Saimiri oerstedii citrinellus as compared to the western population
(Fig. 3).

Population Aggregation Analysis

Six diagnostic characters and 29 informative sites separated the subspecies Saimiri
oerstedii citrinellus (N=43) and S. o. oerstedii (N=7; Table II).

Genetic Differentiation in mtDNA Sequences

There were a total of 88 substitutions, 17 haplotypes, and 20 polymorphic sites in the
mtDNA sequence data. There were five fixed differences and two shared substitu-
tions among subspecies. DNASP did not count the sixth diagnostic character
(Table II) as a fixed difference because the program does not include gaps (dele-
tions/insertions) in the estimation of this value.

Based on the inferred haplogroups, we distinguished between an eastern and a
western population of Saimiri oerstedii citrinellus and inferred sequence divergence
between these populations and groups within populations. There were five fixed
differences and one shared substitution between populations of Saimiri oerstedii
citrinellus.

Genetic differentiation was significant among subspecies and populations of
Saimiri oerstedii citrinellus, but was not consistently significant among groups within

S. boliviensis

S. o. oerstedii

S. o. citrinellus

Fig. 3 Haplotype network of mtDNA d-loop sequences of Saimiri oerstedii created using a median-joining
algorithm (Bandelt et al. 1999) implemented in NETWORK (Fluxus) with epsilon = 0 and all variable sites
weighted equally. Color shading represents the different populations sampled (gray = eastern population of
Saimiri oerstedii citrinellus; black = western population of S. o. citrinellus; white = S. o. oerstedii). Size of
the node corresponds to the frequency of the haplotype among sampled individuals. Internal nodes (light
gray) represent reconstructed median haplotypes. Notches represent nucleotide differences between hap-
lotypes. Numbers refer to individuals. Network is rooted with Saimiri boliviensis; nucleotide differences
along this root lineage are not shown.

Subspecies of Saimiri oerstedii as Conservation Units 93



the same population (Table III). In the eastern population, there were no fixed
differences and three shared substitutions among groups. In the western population,
there were no fixed differences and no shared substitutions among groups.

Private Alleles in the Microsatellite Data

Of the 11 individuals of Saimiri oerstedii oerstedii studied, 9 had one or more alleles
that were private to their subspecies, and of the 233 individuals of S. o. citrinellus, all
had one or more private alleles to their subspecies. Within Saimiri oerstedii citrinellus,
126 of 156 individuals in the eastern population had one or more alleles that were private
to that population, and 35 of 77 individuals in the western population had alleles private
to that population. Within groups of Saimiri oerstedii citrinellus, the proportion of
individuals in a group with one or more alleles that were private to their group ranged
from 0 to 0.55 (median 0.19).

Table II Diagnostic characters and informative traits that distinguish between the subspecies Saimiri
oerstedii citrinellus and S. o. oerstedii

Diagnostic sites Informative traits

Subspecies 76 110 129 192 702 781 97 183 243 248 257 262 312

citrinellus (N=43) G A — A G C G Y C M C M Y

oerstedii (N=7) A G T G A T R T Y A Y A C

Informative traits

Subspecies 315 317 320 345 348 368 378 437 466 555 690 727 758

citrinellus A R C T T C A C Y Y R Y R

oerstedii R A Y Y Y Y R Y C C A T G

Informative traits

Subspecies 768 782 817 823 859 884 886 893 903

citrinellus Y T Y W W R K W M

oerstedii T Y T A A A T A C

Base pair site positions represent their location within the fragment of the mitochondrial d-loop sequenced
in this study; position 1 corresponds to ca. position 15,351 in the mitochondrial genome (human reference
sequence).—represents a gap in the sequence at that site; Y = C or T; R = A or G; W = A or T; S = C or G;
K = T or G; M = A or C

Table III Estimates of mitochondrial sequence divergence among subspecies, populations, and groups of
Saimiri oerstedii

Between Dxy±SD Da±SD Snn P

Subspecies 0.015±0.003 0.0094±0.003 1.00 <0.0001

Populations of S. o. citrinellus 0.0071±0.002 0.0061±0.002 1.00 <0.0001

Groups in the eastern population of S. o. citrinellus 0.0021±0.0007 0.00088±0.0007 0.91 <0.0001

Groups in the western population of S. o. citrinellus 0.00013±0.0002 0.00±0.0002 0.47 1.00

Dxy = mean number of nucleotide substitutions per site; Da= net substitutions per site; Snn = nearest-
neighbor statistic, calculated with 10,000 permutations in DNASP
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Discussion

Support for ESUs

We found consistent results supporting significant divergence and reciprocal
monophyly among subspecies for the mtDNA d-loop, providing support for
the two currently recognized subspecies of Saimiri oerstedii as ESUs (Moritz
1994; Moritz 2002). Our population aggregation analysis also supported the
separation of Saimiri oerstedii citrinellus and S. o. oerstedii, although our
confidence in this finding would increase with a larger sample size of S. o.
oerstedii. Walsh (2000) suggests that under a finite population size model, the
critical sample size needed to detect hidden character states in a population
would be 56 individuals. We could only include 50 individuals in our study,
and only 7 are of the subspecies of Saimiri oerstedii oerstedii; thus our sample
size may be insufficient to detect all hidden character states with 95 % confi-
dence. A larger sample size could also determine whether the two shared
substitutions between subspecies are likely to represent the persistence of
ancestral polymorphisms, or whether instead they represent introgression, which
would confound the interpretation of our results. However, we discuss in the
text that follows an accumulation of evidence from nuclear data and morpho-
logical characters in addition to our mtDNA results, which we argue presents a
strong case for the subspecies of Saimiri oerstedii as conservation units.

Our mtDNA results are consistent with other factors suggesting a lack of ecolog-
ical exchangeability between subspecies (sensu Crandall et al. 2000), including
disjunct geographic distributions (Arauz 1993) and differences in pelage and mor-
phology (Boinski and Sirot 1997; Carrillo et al. 2002). Our results confirm previous
genetic studies that gave limited support for reciprocal monophyly of the two
subspecies at two mtDNA loci and one autosomal marker based on four samples
from a restricted area (Boinski and Cropp 1999; Cropp and Boinski 2000). Our
analyses based on 16 microsatellite markers also showed a high proportion of
private alleles in each subspecies, and previous Bayesian clustering analyses
showed the subspecies of Saimiri oerstedii as separate genetic clusters using
these nuclear markers (Blair 2011; Blair and Melnick 2012b). However, these
analyses compared only 11 individuals of Saimiri oerstedii oerstedii with 233
individuals from S. o. citrinellus. An additional analysis with a greater sample
size of Saimiri oerstedii oerstedii would be needed to confirm divergence at
nuclear markers.

A recent analysis using whole mtDNA genomes dated the split of Saimiri
oerstedii oerstedii and S. o. citrinellus to 110 KYA (95 % HPD 60–180 KYA)
or 160 KYA (95 % HPD 90–230 KYA; Chiou et al. 2011), which is consistent
with the idea that the subspecies separated during a sea-level rise of ca. 100 m
in the Middle-Upper Pleistocene (Ford 2005; Nores 1999). Saimiri oerstedii are
restricted to lowland settings (below 500 m asl) and are therefore constrained to
the Central and Southern Pacific coasts by the Central and Talamanca
Cordilleras. High water levels in the Pleistocene would thus have resulted in
their isolation (Ford 2005), which is now maintained by the large Térraba River
(Fig. 1).
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Although we present support for Saimiri oerstedii oerstedii and S. o. citrinellus as
ESUs, at this time there is not sufficient evidence to elevate these taxa to separate
species. We present evidence that Saimiri oerstedii oerstedii and S. o. citrinellus
diverge significantly and form reciprocally monophyletic units with diagnostic char-
acters at a mtDNA marker. However, Saimiri oerstedii oerstedii and S. o. citrinellus
diverged very recently compared to other primate species (Chiou et al. 2011) and
hybridize in captivity (Boinski et al. 1998; L. Müller pers. comm.). Thus, Saimiri
oerstedii oerstedii and S. o. citrinellus would not necessarily represent distinct species
under the biological species concept (Mayr 1963), although they may do so under the
phylogenetic species concept (Cracraft 1983). Saimiri oerstedii oerstedii and S. o.
citrinellus should remain designated as subspecies and ESUs until additional lines of
evidence present stronger corroboration for lineage separation (de Queiroz 2007),
such as reciprocal monophyly at additional, coding mtDNA loci as well as nuclear
loci. Nevertheless, these subspecies represent ESUs and should be managed sepa-
rately both in the wild and in captivity to preserve evolutionary processes and sustain
genetic diversity (Blair et al. 2011; DeSalle and Amato 2004; Hendry et al. 2010;
Melnick et al. 1999; Moritz 2002).

Populations of Saimiri oerstedii citrinellus

We inferred a western and an eastern population of Saimiri oerstedii citrinellus,
supported by mtDNA haplogroups and sequence divergence. These populations are
supported by AMOVAs on both the mtDNA data and the autosomal data set of 16
microsatellite markers (Blair 2011; Blair and Melnick 2012a). However, our data do
not support the treatment of the two populations of Saimiri oerstedii citrinellus as
separate ESUs because these populations were not reciprocally monophyletic
(Fig. 2). Also, additional population genetic analyses revealed ongoing gene flow
between these populations (Blair 2011; Blair and Melnick 2012a).

Implications for Conservation

Our results suggest that the subspecies Saimiri oerstedii citrinellus and S. o. oerstedii
should be housed separately in captive facilities and not allowed to hybridize.
Transfers, reintroductions, or translocations in situ should involve only groups of
the same subspecies. We have previously shown relatively high genetic diversity at
microsatellite markers for the endangered Saimiri oerstedii citrinellus (Blair 2011;
Blair and Melnick 2012a, b). High levels of genetic diversity in nonneutral loci may
buffer populations against outside extinction pressures (such as disease) to which
Saimiri oerstedii are vulnerable owing to their dwindling habitat, small population
size, and contact with humans and domestic animals. Managing the subspecies
separately would help to prevent loss of genetic diversity via artificially induced
outbreeding.
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