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Abstract: Research on wild apes is not only fundamental for elucidating human origins but for their conservation as well. Despite
their relative size, apes are difficult to observe in the wild prior to habituation, limiting our ability to accurately assess demography
and kin relations. Non-invasive genetic sampling provides an indirect source of this information. Here, we present findings of a
pilot genetic survey of a wild community of bonobos that are in the initial stages of being studied. Fifty-three fecal samples were
collected over eight days near the Iyema field site in the Lomako Forest, DRC. DNA was first extracted and quantified using a
gPCR assay. Samples with a sufficient amount of DNA were genotyped at 11 microsatellite loci and sexed using an amelogenin
assay. Thirty-three of 53 samples yielded a sufficient amount of DNA for complete genotyping. We identified 19 individuals,
including six males and 13 females. Mean allelic richness across all loci was 5.7 and expected heterozygosity was 0.69. Estimates
of population size indicate between 26 and 66 individuals are present in the study area, but more than one community may be
present. These results contribute to our ongoing efforts to study and monitor the bonobos at Iyema to better understand their
demography, behavior, and conservation. Our study also highlights the utility of genetic analyses in pilot and survey research.
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Introduction observations (for example, Gerloff et al. 1999; Hohmann et
al. 1999; Surbeck et al. 2011), understand population struc-
Bonobos (Pan paniscus) are classified as Endangered ture (Kawamoto et al. 2013), and infer male philopatry and
and are threatened by hunting and habitat loss (Fruth ez al. female dispersal (Hashimoto et al. 1996; Eriksson et al. 2004,
2008). Despite over forty years of research in the wild, we are 2006; Kawamoto et al. 2013). Continued use of genetic data
still limited in our understanding of this species; especially is necessary for longitudinal monitoring to track population
compared to chimpanzees (P. troglodytes). Political insta- size trends and assess the potential effects of anthropogenic
bility and the difficulties of accessing bonobo habitat have activity on genetic health. Genetic studies of wild bonobos
both contributed to this knowledge gap. What we do know of are thus essential to their conservation and to understanding
wild bonobos is largely based on long-term data from three the species.
research areas: Lomako (Badrian and Badrian 1984; White We conducted a non-invasive genetic analysis as part of
1992; Van Krunkelsven et al. 1999), LuiKotale (Hohmann and our ongoing effort to reinitiate studies of, characterize, and
Fruth 2003), and Wamba (Kano 1992) (Fig. 1). While contin- habituate the bonobos at Iyema, in the Lomako Forest in the
ued work at these established sites is important, the develop- Democratic Republic of Congo. One community was previ-
ment of new, sustainable field sites is necessary for bonobo ously studied (for example, Dupain et al. 2002) but has only
research and conservation. Of particular interest from new been intermittently monitored since the Second Congo War
sites are demographic data, which can be difficult to obtain in that ended in 2003. The primary aim of this initial survey was
non-provisioned bonobos due to their arboreality and fission- to identify individuals for consistent long-term monitoring,
fusion social structure (Kano 1992). Non-invasive genetic future behavioral studies, and to obtain preliminary assess-
sampling can help us overcome these challenges. Genetic data ments on the demography of the Iyema bonobos. We devel-
have already been used on wild bonobos to inform behavioral oped two research objectives. The first was to identify unique
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individuals, determine their sex, and evaluate the genetic
diversity in our sample. Our second objective was to conduct
repeated sampling of individuals to estimate the size of the
bonobo population in our study area using genetic capture-
recapture. Previous behavioral research produced a size esti-
mate for the main study community at this field site; however,
not all of the community members were identified. Dupain et
al. (2002) were able to visually identify 12 distinct individu-
als and speculated the community was composed of approxi-
mately 50 individuals. Genetic analyses can provide a second
estimate, especially when differences in capture probabilities
are considered. Additionally, we collected GPS data in asso-
ciation with fecal samples and constructed an association
matrix to assess whether our collected samples represent indi-
viduals from a single community or multiple communities.

Methods

Study area and sample collection

The Lomako Forest is located between the Lomako and
Yekokora rivers in the Equateur province of the Democratic
Republic of Congo. The forest is approximately 3,800 km?,
and consists primarily of polyspecific evergreen rainfor-
est, in addition to swamp forest and seasonally flooded for-
ests (White 1992). There are two bonobo study sites in the
Lomako Forest: Iyema and N’dele, which are separated by
15 km.

Fifty-three fecal samples were collected near the Iyema
site (00°55'N, 21°06'E) in eight days in June and July 2014.
Samples were collected within a 15 km? area (Fig. 2). Fecal
samples were collected as part of our ongoing effort to habitu-
ate one community of bonobos at the field site. Bonobos were
located in the morning before leaving their night nests. Most
fecal samples were collected under these nests, and additional

Figure 1. Distribution of Pan paniscus (green) and the locations of the long-term bonobo research areas: 1 - Lomako, 2 - Wamba, 3 - LuiKotale.
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samples were collected opportunistically during party fol-
lows. The GPS location of each sample was recorded using
a Garmin GPS unit. To minimize contamination, a mask
and gloves were worn when collecting samples. Samples
were placed in a 50 mL Falcon tube with 20 mL of RNAI-
ater (Thermo Fisher Scientific, Waltham, MA, USA). All
samples were stored at ambient temperature until they could
be shipped to the Ting Laboratory (Molecular Anthropology
Group, University of Oregon). Samples were then immedi-
ately frozen at -20°C until genomic DNA extraction.

DNA extraction and quantification

Genomic DNA was extracted using a QlAamp DNA
Mini Stool Kit (Qiagen, Valencia, CA, USA). We made sev-
eral modifications to the manufacturer’s extraction protocol
following Archie ef al. (2003). DNA was eluted in 75 pL of
buffer AE following Wikberg et al. (2012). Endogenous DNA
extracted from noninvasive samples is often degraded, pres-
ent at low concentrations, and susceptible to allelic dropout
during amplification via PCR (Taberlet ez al. 1996; Morin et
al. 2001). We thus quantified the DNA in each sample using
a quantitative PCR (qPCR) assay following Morin et al.
(2001). Samples were amplified in 20 pL reactions contain-
ing 1X TagMan Mastermix (Applied Biosystems, Foster City,
CA, USA), 200 nM TAMRA™ probe (Applied Biosystems),
300 nM F primer, 300 nM R primer, 8 pg/mL BSA, 5.6 pL
H,O, and 2 pL of DNA. Reactions were carried out using a
StepOnePlus qPCR thermocycler (Applied Biosystems). We
genotyped samples that contained >0.005 ng/uL of DNA fol-
lowing Morin ef al. (2001).

Figure 2. Map of fecal sample collection locations. Each circle represents a
successfully genotyped fecal sample. Colors indicate the association network
for each sample and correspond to Figure 3. The base camp is represented by
a star.
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Genotyping

Fifteen dinucleotide and tetranucleotide Short Tandem
Repeat (STR), or microsatellite, loci were screened for ampli-
fication success and polymorphism (see Table 1, Bradley et al.
2000; Arandjelovic et al. 2009; Schubert et al. 2011; Wikberg
et al. 2012; Ruiz-Lopez et al. 2016). Two markers did not
amplify (D1s207, D4s2408) and two (D10s611, FESPS) were
found to be monomorphic in our sample. Polymorphic mark-
ers were organized into five multiplex sets consisting of two
or three markers: set 1 (D5s1457, D14s306), set 2 (D3s1299,
D1s548), set 3 (C19a, D6s474 D10s676), set 4 (D8s260,
D11s2002), and set 5 (D3s1766, D6s311). The forward primer
for each marker was fluorescently labeled with either 6-FAM,
HEX or NED. Samples were amplified in 12.5 pL reactions
containing 1X QIAGEN Multiplex PCR Master Mix (Qiagen,
Valencia, California), 0.2 uM of each primer, 1 pg/mL BSA,
1.75 uL H,0, and 2 puLL of DNA.. Initial incubation was carried
out at 95°C for 15 min. Amplification was performed using 35
cycles with denaturation at 94°C for 30 sec, annealing at 58°C
for 90 sec, and elongation at 72°C for 60 sec. Final extension
was carried out at 60°C for 30 min. Successful amplification
of each sample was verified using gel electrophoresis with a
1% agarose gel. PCR products were run with a size standard
(GeneScan™ 500 Rox™, Applied Biosystems) and separated
by capillary electrophoresis using a 3730 DNA sequencer
(Applied Biosystems). Allele sizes were determined using the
software GENEMAPPER 5.0 (Applied Biosystems) and veri-
fied by eye. To control for allelic dropout and ensure accuracy,
each sample was independently amplified and genotyped
at least three times at every locus. Following Morin et al.
(2001), samples containing greater than 0.1 ng/uL of endog-
enous DNA were replicated three times, samples containing
between 0.1 and 0.05 ng/uL of endogenous DNA were repli-
cated four times, and samples with 0.05 and 0.005 ng/uL of
endogenous DNA were replicated seven times.

Samples were determined to be heterozygous at a locus
if two alleles were observed in at least two replicates, while
samples were determined to be homozygous if only one allele
was observed in at least three replicates. Consensus geno-
types were generated using GIMLET (Valiére 2002). Unre-
solved consensus genotypes were determined manually using
alleles with the highest frequency. GIMLET was also used to
determine the allelic dropout rate and false allele rate (Sup-
plement 1).

GENALEX 6 (Peakall and Smouse 2012) was used to
compare final consensus genotypes. Samples that matched at
all but one or two loci were rechecked for allelic dropout and
genotyping errors. If human genotyping errors occurred, gen-
otypes were rectified and reanalyzed for matches. This con-
servative approach was used to avoid identifying individuals
based on erroneous genotypes.

Finally, we tested the power of our set of markers to iden-
tify unique individuals using GENALEX. We calculated the
power to differentiate between random individuals P(ID) and
the power to differentiate between siblings P(ID)sib (Waits et
al. 2001). As bonobos are social primates that live in groups
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Table 1. Genetic diversity measures per locus.

Marker Motif Na Ne Ho He UHe F HWE
C19a 4 5 2.03 0.368 0.507 0.521 0.2981 Non-significant
D1s548 4 5 2.57 0.737 0.611 0.627 -0.1803 Non-significant
D3s1229 2 6 4.66 0.789 0.785 0.807 0.0217 Non-significant
D3s1766 4 4 2.37 0.526 0.578 0.593 0.1155 Non-significant
D5s1457 4 6 3.47 0.684 0.712 0.731 0.0659 Non-significant
D6s311 2 9 6.17 0.789 0.838 0.861 0.0847 Non-significant
D6s474 4 4 2.33 0.895 0.571 0.586 -0.5494 Non-significant
D8s260 2 6 3.76 0.789 0.734 0.754 -0.0485 Non-significant
D10s676 4 6 4.12 0.895 0.758 0.778 -0.1547 Non-significant
D11s2002 4 8 5.51 0.684 0.819 0.841 0.1903 Non-significant
D14s306 4 4 2.71 0.368 0.632 0.649 0.4388 Non-significant
Mean 5.7 3.61 0.684 0.686 0.704 0.025

Motif, repeat motif, Na, number of alleles; Ne, number of effective alleles; Ho, Observed heterozygosity; He, expected heterozygosity; UHe, unbiased expected
heterozygosity; F, Inbreeding coefficient; HWE, results for Hardy-Weinberg equilibrium test with "Non-significant” meaning the locus did not deviate from HWE.

with related individuals, we used the more conservative mea-
sure, P(ID)sib, using a cutoff of 0.001. This approach ensures
the accurate identification of unique individuals from fecal
samples.

We used GENEPOP 4.2 (Raymond and Rousset 1995) to
test for deviations from Hardy-Weinberg equilibrium (HWE)
and linkage disequilibrium (LD) across all markers. Fisher’s
exact test was used to test for a deviation from HWE across all
loci. We used the program’s Markov chain algorithm to deter-
mine departures from HWE and LD for each marker using
100 batches and 1000 iterations. Significance levels were
adjusted using a Bonferroni correction. MICROCHECKER
(Van Oosterhout et al. 2004) was used to test for evidence of
null alleles. We used GENALEX (Peakall and Smouse 2012)
to determine various measures of genetic diversity: allelic
richness, number of effective alleles, observed heterozygos-
ity, and unbiased expected heterozygosity. We also calculated
the inbreeding coefficient () following Weir and Cocker-
ham (1984) for each locus using GENEPOP (Raymond and
Rousset 1995).

Sex identification

Following the identification of distinct individuals within
our sample, the sex of each individual was assessed using an
amelogenin assay (Bradley et al. 2001) modified for visual-
ization via gel electrophoresis. Extracted DNA was amplified
in 15 pL reactions containing 1X GoTaq® (Promega, Madison,
WI, USA), 200 uM F primer, 200 pM R primer, 12 pg/mL
BSA, 2.7 uL H,0, and 3 uL of DNA. We electrophoresed
DNA using a 4% agarose gel at 100 volts for 2.5 hrs. Valida-
tion of the methodology was conducted on human samples of
known sex (see Supplement 2), and each bonobo sample was
amplified and visualized on a gel twice to ensure correct sex
identification.

Community size estimation

We used two approaches to estimate the number of indi-
viduals at Iyema: the software Capture (Otis et al. 1978)
and the R Package Capwire (Miller et al. 2005). We used a
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comparative approach to contrast a traditional capture-recap-
ture method (Capture) with a program developed specifically
for genetic capture-recapture (Capwire). Traditional methods,
such as Capture, estimate population size based on the occur-
rence of captures per session. We used the m(h) model from
Chao (1989), which accounts for heterogeneity in individual
capture probabilities. We also used both models from the R
Package Capwire to estimate the number of individuals: 1)
the Equal Capture Model (ECM), that assumes that all indi-
viduals in a population have an equal probability of being
sampled (Miller et al. 2005); and 2) the Two-Innate Rates
Model (TIRM) which assumes that two classes of individu-
als exist—individuals that are easy to capture and those that
are difficult to capture (Miller et al. 2005). We also used a
likelihood ratio test to determine which model best fit the data.
Finally, we generated 95% confidence intervals for both ECM
and TIRM models using maximum population estimates of
50, 200, 500, and 1000 individuals. We report the confidence
intervals for a maximum population estimate of 200 because
the intervals varied little for maximum population sizes
greater than this value.

Association analysis

We created an association matrix to estimate how many
bonobo communities were represented in our sample. Dyads
were scored as “0” if fecal samples were not found in associa-
tion and scored as “1” if fecal samples were collected from
individuals in the same party (nests within a 30-m radius) on
the same day (McCarthy et al. 2015). We used the software
NetDraw 2.155 (Borgatti 2002) to visualize associations.

Results

Thirty-eight samples yielded a sufficient quantity of DNA
for genotyping, and 33 samples were genotyped at all 11 loci.
Our sample success rate was thus 62% (33/53). Probability of
identity analyses revealed that at least nine loci are needed to
identify unique individuals. P(ID) was 1.8x10® and P(ID)sib



Table 2. Sample capture and recaptures.

Times Captured (N)

Individuals (N)

1 12
2 4
3 1
4 1
6 1

was <0.001 at 9 loci. Of the 33 samples collected, we identi-
fied 19 distinct individuals (13 females and six males).

Microsatellite diversity

Allelic richness ranged from four to nine different alleles
for each locus (Table 1). Mean allelic richness across all
markers was 5.7. Our sample deviated significantly from
Hardy-Weinberg equilibrium across all loci (y* = 47.27, df
= 22, P <0.01). However, subsequent tests for heterozygote
deficiency and heterozygote excess yielded no significant
results (p-value = 0.08 and p-value = 0.92, respectively), and
individually, all 11 loci conformed to Hardy-Weinberg equi-
librium (Table 1). No loci showed evidence of linkage dis-
equilibrium. The presence of null alleles was detected in one
marker: D14s306 (Oosterhaut = 0.1934). Mean expected het-
erozygosity was 0.69 and expected unbiased heterozygosity
was 0.70 (Table 1). F g ranged from -0.18 to 0.44, averaging
0.025 across all markers.

Population size estimation

Out of 19 individuals, 12 were captured once, four indi-
viduals were captured twice, one individual was captured
three times, one individual four times, and one individual six
times (Table 2). Using the m(h) model in Capture, the program
estimated 36 individuals were present in this area (95% CI:
24—81). The equal capture model (ECM) indicated approxi-
mately 26 individuals were present (95% CI: 19—-36), whereas
the two innate rates model (TIRM) indicated approximately
38 individuals present (95% CI: 26—66). Finally, we tested
both Capwire models and found TIRM to better fit our data
(LR = 8.72, bootstraps = 500, P <0.05). While these models
generated both point estimates and confidence intervals, we
focus on the latter for the remainder of the paper.

Patterns of association

Associations between dyads are displayed in Figure 3.
Thirteen individuals were found to form the largest associa-
tion (blue nodes). Six individuals formed two smaller, sepa-
rate networks; one containing four individuals (red nodes)
and the other containing two individuals (gray nodes). Indi-
viduals in these smaller networks were never found in asso-
ciation with individuals in the larger network.

Discussion

These results highlight our ability to obtain genetic infor-
mation using non-invasive sampling from this population of
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Figure 3. Association Network. Each node is an individual; circular nodes are
female and square nodes are male. Numbers in parentheses indicate the number
of times an individual was captured for individuals that were sampled more
than once. Lines connecting two nodes indicate the pair of individuals was
found in association at least once. Individuals with blue nodes are members of
the main study community and were collectively sampled on six days. Individ-
uals with gray nodes were sampled on a different day as were individuals with
red nodes. These individuals (gray and red nodes) may represent individuals
who are not members of the main study community.

bonobos. Our success rate (62%) for sample viability was
comparable to other studies of African apes (Arandjelovic et
al. 2010; Basabose et al. 2015; McCarthy et al. 2015; Moore
and Vigilant 2014). Additionally, our microsatellite panel
yielded a sufficient number of loci to confidently identify
individuals. Taken together, this study represents the begin-
ning of long-term bonobo monitoring at the Iyema site, with
the identification of unique individuals and the first genetic
capture-recapture population size estimates.

While some markers exhibited relatively high rates of
allelic dropout and false alleles (Supplement 1), only one
marker (D14s306) showed evidence of null alleles. Null
alleles describe mutations in the regions that flank target
nucleotide sequences that can prevent primers from properly
annealing (Chapuis and Estoup 2007). While null alleles typi-
cally do not impact basic population analyses, they can affect
accurate assessment of relatedness and paternity analyses
(Dakin and Avise 2004). As we hope to use microsatellite data
to determine infant paternity in the future, we will exclude
this marker in future analyses.

The genetic diversity represented by our sample is similar
to wild-born captive bonobos and other wild bonobo popula-
tions. Reinartz er al. (2000) examined the autosomal diver-
sity in 14 wild-born captive bonobos (founders). Across 28
polymorphic microsatellite loci, mean allelic richness was
5.2 and mean expected heterozygosity was 0.58. Schubert et
al. (2011) analyzed genetic diversity at 19 autosomal mark-
ers among five groups of wild bonobos around LuiKotale
and found a mean allelic richness of 7.3 and mean expected
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heterozygosity of 0.75. Our study of 19 wild bonobos resulted
in similar findings to both studies (mean allelic richness: 5.7;
mean expected heterozygosity: 0.69). These results high-
light the genetic diversity at Iyema and are very encouraging
from a conservation standpoint, although more work needs
to be done to assess threats to bonobos in this area since taxa
with long generation times can be affected and threatened by
human disturbance prior to visible declines in genetic diver-
sity (e.g., see Ruiz-Lopez et al. 2016).

All three mean estimates of population size fell near the
previous estimate based on behavioral observations (approxi-
mately 50 individuals). Indeed, the population size estimate
and confidence intervals from the m(h) model in Capture
and the TIRM estimate in Capwire are very similar (24-81
and 26-66, respectively). These estimates are also consistent
with known maximum bonobo community sizes: Lomako
(Bakumba): 36; Lomako (Eyengo): 21; LuiKotale: 35; Wamba
(E1): ~28; Wamba (E2): ~45 (Kano 1992, Surbeck et al. 2011,
White and Wood 2007). While these samples may represent a
single community, our analyses cannot exclude the possibil-
ity that more than one community was sampled. Of the two
Capwire models, TIRM fit the data better than the ECM; a
result that is congruent with previous research (Arandjelovic
et al. 2010). TIRM is a better model for estimating population
or community size in bonobos than ECM because it accounts
for heterogeneity in capture probabilities largely due to the
fission-fusion social structure of bonobos. While consistent
estimates were generated, our small sample size resulted in
large confidence intervals further supporting that more accu-
rate census measures require repeated sampling of nearly all
individuals present in a community (Basabose et al. 2015).
As the main bonobo community is not fully habituated, it is
highly unlikely that all individuals were sampled. Addition-
ally, heterogeneity of capture probabilities can greatly influ-
ence size estimates and confidence intervals. Basabose et al.
(2015) noted that the two-innate rates model accounted for
this heterogeneity, as did the m(h) model in Capture. One par-
ticular demographic group that exhibited a higher probability
of avoiding genetic capture was infants, who nest with their
mothers for several years (Fruth and Hohmann 1994), may
not defecate outside of the nest, and whose feces are smaller
and more difficult to find. Collectively, these factors can
result in infrequent infant fecal sampling, and thus result in
inaccurate and underestimated population sizes.

One challenge of using genetic capture-recapture
approaches to estimate community size rather than population
size is the possibility of sampling more than one community.
Prior to habituation, distinguishing between different com-
munities of bonobos and chimpanzees can be difficult. Both
bonobos and chimpanzees fission-fusion and form parties that
may last several days (Goodall 1986; Kano 1992). Particular
parties or individuals may be more difficult to sample. Basab-
ose et al. (2015) used a nest sharing analysis to overcome the
challenge of distinguishing communities. While chimpanzees
are generally considered to maintain strictly defined territo-
ries, bonobo ranges appear to frequently overlap (Kano 1992;
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Waller 2011). This makes it difficult to discern whether or not
unhabituated animals belong to a particular community. Our
analysis of association revealed the possibility that more than
one community was sampled. The samples that constitute the
two smaller networks (gray and red) were all collected on
two separate days that did not involve any sampling of the
main network (blue). Additionally, these six individuals were
sampled much farther away from the remaining samples. We
are unsure, therefore, whether or not these individuals are
members of the same community from which the other 13
individuals were sampled. The association network illustrates
three separate networks; however, this may reflect fission-
fusion dynamics, especially considering the small sampling
period. These results highlight the difficulty of determining
the number of communities sampled when collecting bonobo
fecal samples over a short time period.

While our genetic survey is preliminary, this study is an
important first step for resuming longitudinal bonobo research
in the Lomako Forest. We identified 19 individuals and esti-
mated the population size in the study area to be between 26
and 66 individuals. Continued non-invasive sampling will
enable us to identify and monitor specific individuals in addi-
tion to assessing the number of bonobo communities present
at Iyema. Future research will also use this study as a start-
ing point for the use of relatedness data to better understand
bonobo social organization and community membership, the
effects of kinship on social behavior, and bonobo reproduc-
tive strategies.

Acknowledgments

We gratefully acknowledge Alexana Hickmott, Jef
Dupain, Freddy Makengo Lusendi, Papa Mangue, Dipon
Bomposo, and all of the African Wildlife Foundation staff in
Kinshasa and Tyema for assistance in the field. CMB deeply
appreciates the guidance of Stephanie Fox in the lab and
Diana Christie for her insight about R and Capwire. CMB also
thanks Elisabeth Goldman and Jessica Stone for providing
human DNA samples for validating the visualization of the
amelogenin assay. We kindly thank Mimi Arandjelovic and
one anonymous reviewer whose comments greatly improved
this manuscript. Field research was supported by the Northern
Kentucky University College of Arts and Science, awarded
to MLW. Additional support came from NSF grants BNS-
8311252, SBR-9600547, BCS-0610233, and from the Leakey
Foundation awarded to FJW. Funding for the genetic analyses
was provided by the Office of the Vice President for Research
and Innovation, University of Oregon awarded to FJW, as well
as NIH grant TW009237 awarded to NT as part of the joint
NIH-NSF Ecology of Infectious Disease program and the UK
Economic and Social Research Council. Finally, we thank the
Department of Anthropology, University of Oregon, and the
Department of Sociology, Anthropology, and Philosophy of
Northern Kentucky University. All research reported in this
study was non-invasive and complied with all standards set
forth by the University of Oregon Institutional Animal Care



and Use Committee (IACUC) (#12-09). This research also
adhered to the legal requirements of the Democratic Republic
of Congo and was approved by the Institut Congolais pour la
Conservation de la Nature (#0492). We dedicate this manu-
script in memory of Papa Ikwa Nyamanolo (Bosco).

Literature Cited

Arandjelovic, M., K. Guschanski, G. Schubert, T. R. Harris,
O. Thalmann, H. Seidel and L. Vigilant. 2009. Two-step
multiplex polymerase chain reaction improves the speed
and accuracy of genotyping using DNA from noninva-
sive and museum samples. Mol. Ecol. Resour. 9: 28—36.

Arandjelovic, M., J. Head, H. Kiihl, C. Boesch, M. M. Rob-
bins, F. Maisels and L. Vigilant. 2010. Effective non-
invasive genetic monitoring of multiple wild western
gorilla groups. Biol. Conserv. 143: 1780—1791.

Archie, E. A., C. J. Moss and S. C. Alberts. 2003. Character-
ization of tetranucleotide microsatellite loci in the Afri-
can savannah elephant (Loxodonta africana africana).
Mol. Ecol. Notes 3: 244—246.

Badrian, A. and N. Badrian. 1984. Social organization of Pan
paniscus in the Lomako Forest, Zaire. In: The Pygmy
Chimpanzee: Evolutionary Biology and Behavior, R. L.
Susman (ed.), pp.275—279. Plenum Press, New York.

Basabose, A. K., E. Inoue, S. Kamangu, B. Murhabele, E.
F. Akomo-Okoue and J. Yamagiwa. 2015. Estimation
of chimpanzee community size and genetic diversity in
Kahuzi-Biega National Park, Democratic Republic of
Congo. Am. J. Primatol. 77: 1015—1025.

Borgatti, S. P. 2002. NetDraw Software for Network Visual-
ization. Analytic Technologies, Lexington, KY.

Bradley, B. J., C. Boesch and L. Vigilant. 2000. Identification
and redesign of human microsatellite markers for geno-
typing wild chimpanzees (Pan troglodytes verus) and
gorilla (Gorilla gorilla gorilla) DNA from faeces. Con-
serv. Genet. 1: 289—292.

Bradley, B. J., K. E. Chambers and L. Vigilant. 2001. Accu-
rate DNA-based sex identification of apes using non-
invasive samples. Conserv. Genet. 2: 179—181.

Chao, A. 1989. Estimating population size for sparse data in
capture-recapture experiments. Biometrics 45: 427—438.

Chapuis, M.-P. and A. Estoup. 2007. Microsatellite null
alleles and estimation of population differentiation. Mol.
Biol. Evol. 24: 621-631.

Dakin, E. E. and J. C. Avise. 2004. Microsatellite null alleles
in parentage analysis. Heredity 93: 504—5009.

Dupain, J., L. van Elsacker, C. Nell, P. Garcia, F. Ponce and
M. A. Huffman. 2002. New evidence for leaf swallowing
and Oesophagostomum infection in bonobos (Pan panis-
cus). Int. J. Primatol. 23: 1053—1062.

Eriksson, J., G. Hohmann, C. Boesch and L. Vigilant. 2004.
Rivers influence the population genetic structure of bono-
bos (Pan paniscus). Mol. Ecol. 13: 3425-3435.

Eriksson, J., H. Siedel, D. Lukas, M. Kayser, A. Erler, C.
Hashimoto, G. Hohmann, C. Boesch and L. Vigilant.

Iyema bonobo demography

2006. Y-chromosome analysis confirms highly sex-biased
dispersal and suggests a low male effective population
size in bonobos (Pan paniscus). Mol. Ecol. 15: 939-949.

Fruth, B., J. M. Benishay, 1. Bila-Isia, S. Coxe, J. Dupain, T.
Furuichi, J. Hart, T. Hart, C. Hashimoto, G. Hohmann,
M.Hurley, O. [lambu, M. Mulavwa, M. Ndunda, V. Oma-
sombo, G. Reinartz, J. Scherlis, L. Steel and J. Thompson.
2008. Pan paniscus. The IUCN Red List of Threatened
Species 2008: €. T15932A5321906. Downloaded on 30
January 2016.

Fruth, B. and G. Hohmann. 1994. Comparative analyses of
nest-building behavior in bonobos and chimpanzees. In:
Chimpanzees Cultures, R. W. Wrangham, W. C. McGrew,
F. B. M. de Waal, P. Heltne and J. Goodall (eds.),
pp-109—128. Harvard University Press, Cambridge, MA.

Gerloff, U., B. Hartung, B. Fruth, B., G. Hohmann and D.
Tautz. 1999. Intracommunity relationships, dispersal pat-
tern, and paternity success in a wild living community of
bonobos (Pan paniscus) determined from DNA analysis
of faecal samples. Proc. Royal Soc. B 266: 1189—1195.

Goodall, J. 1986. The Chimpanzees of Gombe: Patterns of
Behavior. Harvard University Press, Cambridge, MA.

Hockings, K. J., M. R. McLennan, S. Carvalho, M. Ancrenaz,
R. Bobe, R. W. Byrne, R. I. M. Dunbar, T. Matsuzawa, W.
C. McGrew, E. A. Williamson, M. L. Wilson, B. Wood, R.
W. Wrangham and C. M. Hill. 2015. Apes in the Anthro-
pocene: flexibility and survival. Trends Ecol. Evol. 30(4):
215-222.

Hohmann, G. and B. Fruth. 2003. Lui Kotal — a new site for
field research on bonobos in the Salonga National Park.
Pan Africa News 10(2): 25-27.

Hohmann, G., Gerloff, U., Tautz, D., Fruth, B. 1999. Social
bonds and genetic ties: kinship, association, and affilia-
tion in a community of bonobos (Pan paniscus). Behav-
iour 136: 1219-1235.

Kano, T. 1992. The Last Ape: Pygmy Chimpanzee Behavior
and Ecology. Stanford University Press, Stanford, CA.

Kawamoto, Y. et al. 2013. Genetic structure of wild bonobo
populations: diversity of mitochondrial DNA and geo-
graphical distribution. PLoS ONE 8(3): €59660.

McCarthy, M. S., J. D. Lester, E. J. Howe, M. Arandjelovic,
Standford, C. B. and L. Vigilant. 2015. Genetic census-
ing identifies an unexpectedly sizeable population of an
endangered large mammal in a fragmented forest land-
scape. BMC Ecology 15: 21.

Miller, C. R., P. Joyce and L. P. Waits. 2005. A new method
for estimating the size of small populations from genetic
mark-recapture data. Mol. Ecol. 14: 1991-2005.

Moore, D. L. and L. Vigilant. 2014. A population estimate
of chimpanzees (Pan troglodytes schweinfurthii) in
the Ugalla region using standard and spatially explicit
genetic capture-recapture methods. Am. J. Primatol. 77:
335-34e.

Morin, P. A., K. E. Chambers, C. Boesch and L. Vigilant. 2001.
Quantitative polymerase chain reaction analysis of DNA
from noninvasive samples for accurate microsatellite



Brand et al.

genotyping of wild chimpanzees (Pan troglodytes verus).
Mol. Ecol. 10: 1835—1844.

Otis, D. L., K. P. Burnham, G. C. White and D. R. Anderson.
1978. Statistical inference from capture data on closed
animal populations. Wildl. Monog. 62: 3—135.

Peakall, R. and P. E. Smouse. 2012. GenAlEx 6.5: genetic
analysis in Excel. Population genetic software for
teaching and research—an update. Bioinformatics 28:
2537-2539.

Raymond, M. and F. Rousset. 1995. GENEPOP (version 1.2):
population genetics software for exact tests and ecumeni-
cism. J. Hered. 86: 248—249.

Reinartz, G. E., D. Karron, R. B. Phillips and J. L. Weber.
2000. Patterns of microsatellite polymorphism in the
range-restricted bonobo (Pan paniscus): considerations
for interspecific comparison with chimpanzees (P. trog-
lodytes). Mol. Ecol. 9: 315-328.

Ruiz-Lopez, M. J., C. Barelli, F. Rovero, K. Hodges, C. Roos,
W. E. Peterman and N. Ting. 2016. A novel landscape
genetic approach demonstrates the effects of human dis-
turbance on the Udzungwa red colobus monkey (Procol-
obus gordonorum). Heredity 116: 167—176.

Schubert, G., C. J. Stoneking, M. Arandjelovic, C. Boesch, N.
Eckhardt, G. Hohmann, K. Langergraber, D. Lukas and
L. Vigilant. 2011. Male-mediated gene flow in patrilocal
primates. PLoS ONE 6(7): e21514.

Surbeck, M., R. Mundry and G. Hohmann, G. 2011. Mothers
matter! Maternal support, dominance status, and mating
success in male bonobos (Pan paniscus). Proc. Roy. Soc.
B 278: 590—598.

Taberlet, P., S. Griffin, B. Goossens, S. Questiau, V. Maceau,
N. Escaravage, L. P. Waits and J. Bouvet. 1996. Reliable
genotyping of samples with very low DNA quantities
using PCR. Nucleic Acids Res. 24: 3189-3194.

Valiére, N. 2002. GIMLET: a computer program for analysing
genetic individual identification data. Mol. Ecol. Notes 2:
377-379.

Van Krunkelsven, E., J. Dupain, L. Van Elsacker and R. Ver-
heyen. 1999. Habituation of bonobos (Pan paniscus):
first reactions to the presence of observers and the evolu-
tion of response over time. Folia Primatol. 70: 365—368.

Van Oosterhout, C., M. K. Van Heuven and P. M. Brakefield.
2004. On the neutrality of molecular genetic markers:
pedigree analysis of genetic variation in fragmented pop-
ulations. Mol. Ecol. 13: 1025—1034.

Waits, L. P., G. Luikart and P. Taberlat. 2001. Estimating the
probability of identity among genotypes in natural popu-
lations: cautions and guidelines. Mol. Ecol. 10: 249-256.

Waller, M. T. 2011. The Ranging Behavior of Bonobos in
the Lomako Forest. PhD thesis. University of Oregon,
Eugene.

Weir, B. S. and C. C. Cockerham. 1984. Estimating F-statis-
tics for the analysis of population structure. Evolution 38:
1358-1370.

110

White, F. J. 1992. Activity budgets, feeding behavior, and
habitat use of pygmy chimpanzees at Lomako, Zaire. Am.
J. Primatol. 26: 215-223.

White, F. J. and K. D. Wood. 2007. Female feeding priority in
bonobos, Pan paniscus, and the question of female domi-
nance. Am. J. Primatol. 69: 837—850.

Wikberg, E. C., P. Sicotte, F. A. Campos and N. Ting. 2012.
Between-group variation in female dispersal, kin compo-
sition of groups, and proximity patterns in a black-and-
white colobus monkey (Colobus vellerosus). PLoS ONE
7(11): e48740.

Authors’ addresses:

Colin M. Brand and Frances J. White, Department of
Anthropology, University of Oregon, Eugene, OR, USA,
Monica L. Wakefield, Department of Sociology, Anthropol-
ogy, and Philosophy, Northern Kentucky University, High-
land Heights, KY, USA, Michel T. Waller, Department of
Anthropology, University of Oregon, Eugene, OR, and World
Languages and Cultures Department, Central Oregon Com-
munity College, Bend, OR, USA, Maria Jose Ruiz-Lopez,
Institute of Ecology and Evolution, University of Oregon,
Eugene, OR, USA, and Nelson Ting, Department of Anthro-
pology, University of Oregon, Eugene, OR, and Institute of
Ecology and Evolution, University of Oregon, Eugene, OR,
USA. Corresponding author: Nelson Ting, 308 Condon Hall,
1218 University of Oregon, Eugene, OR 97403, USA. E-mail:
<nting@uoregon.edu>.

Received for publication: 12 April 2016
Revised: 21 June 16


mailto:cbrand2@uoregon.edu

Iyema bonobo demography

Supplement 1. Dropout and False Allele Rate per Locus.

Marker Allelic Dropout Rate False Allele Rate
C19a 0.217 0.054
D1s548 0.097 0.303
D3s1229 0.077 0.253
D3s1766 0.155 0.085
D5s1457 0.080 0.293
D6s311 0.139 0.133
D6s474 0.125 0.310
D8s260 0.068 0.293
D10s676 0.077 0.221
D11s2002 0.191 0.365
D14s306 0.136 0.082

Supplement 2. Amelogenin Assay Visualization Validation

Amplified products from the amelogenin assay (Bradley et al. 2001). The gel
on the left displays four human control samples and the gel on the right dis-
plays multiple bonobo samples. The presence of one band indicates female,
while two bands indicates male. The sex of each sample is identified below the
product.
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