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Genomic differentiation in an endemic Philippine genus
(Aves: Sarcophanops) owing to geographical isolation on
recently disassociated islands
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Phylogeographical studies of Philippine vertebrates have demonstrated that genetic variation is broadly partitioned by
Pleistocene island aggregation. Contemporary island discontinuity is expected to influence genetic differentiation but
remains relatively undocumented, perhaps because the current episode of island isolation started in relatively recent
times. We investigated inter- and intra-island population structure in a Philippine endemic bird genus (Sarcophanops) to
determine whether genetic differentiation has evolved during the recent period of isolation. We sequenced thousands of
genome-wide restriction site associated DNA (RAD) markers from throughout the Mindanao group to assess fine-scale
genetic structure across islands. Specifically, we investigated patterns of gene flow and connectivity within and between
taxonomic and geographical bounds. A previous assessment of mitochondrial DNA detected deep structure between
Sarcophanops samarensis and a sister species, Sarcophanops steerii, but was insufficient to detect differentiation within
either species. Analysis of RAD markers, however, revealed structure within S. samarensis between the islands of Samar/
Leyte and Bohol. This genetic differentiation probably demonstrates an effect of recent geographical isolation (after the
Last Glacial Maximum) on the genetic structure of Philippine avifauna. We suggest that the general lack of evidence
for differentiation between recently isolated populations is a failure to detect subtle population structure owing to past
genetic sampling constraints, rather than the absence of such structure.

ADDITIONAL KEYWORDS: allopatric — Last Glacial Maximum — Pleistocene — RADseq — wattled broadbill.

INTRODUCTION BP) resulted in lower global sea levels, consequently
uncovering shallow land bridges between islands.
This network of shallow land bridges dramatically
increased connectivity across the archipelago (Heaney,
1985), forming clustered groups of interconnected
islands, or Pleistocene aggregate island complexes
(PAICs; Diesmos et al., 2002; Brown et al., 2013). Of
the > 7000 islands found in the present-day Philippine
Archipelago (Kennedy et al., 2000), nearly all were
reduced to six large PAICs (LLuzon, Palawan, Mindoro,

The Philippine Archipelago is recognized as one of
the most biologically diverse hotspots in the world
(Myers et al., 2000), largely as a result of a complex
geological and climatic history that has catalysed
the evolution of endemic biodiversity (Brown et al.,
2013). Owing to cyclic changes in sea level, the extent
of land above water in the Philippine Archipelago
has varied dramatically throughout its geological
history. Specifically, changing climate regimens

during the Last Glacial Maximum (LGM; 19-25 kyr Negros—Panay., Min.d.ana.o and .Sulu; Heaney, 1985).
The endemic Philippine avifauna generally adhere

to the patterns of geographical and phylogenetic
*Corresponding author. E-mail: campillo@hawaii.edu structure predicted under the PAIC model, at least
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when additional complexities, such as topography,
palaeoclimatic factors and colonization history, are
acknowledged (Hosner et al., 2013, 2014; Sanchez-
Gonzalez et al., 2015). This is to say, populations
present on a particular PAIC (e.g. Mindanao PAIC)
are likely to be closely related to one another but
genetically distinct from populations confined to
different PAICs during the LGM (e.g. Luzon PAIC;
Séanchez-Gonzdlez & Moyle, 2011). As a presumed
consequence of this complex geological history, the total
diversity of Philippine avifauna includes a remarkably
high proportion (~45%) of endemic species (BirdLife
International, 2017). Although broad attempts at
understanding Plio-Pleistocene diversification across
the archipelago have been possible for some time, the
power to detect fine-scale differentiation has been
limited by DNA sequencing depth. Furthermore,
much of the work on Philippine biodiversity has
focused on the patterns and processes shaping
diversity throughout the archipelago, despite the fact
that not all lineages have distributions spanning its
entirety. Hence, the generation of recent population
genetic structure attributable to Holocene isolation
on individual islands within the same PAIC remains
largely theoretical (but see Hosner et al. 2018).

Here,weinvestigate the effect ofindividual islands on
the generation of genetic differentiation in the endemic
Philippine broadbills (Eurylaimidae: Sarcophanops),
in which all extant lineages occur on one previously
connected landmass (the Greater Mindanao PAIC),
which now comprises many islands (Fig. 1). We used
restriction site associated DNA sequencing (RADseq)
to produce a genome-wide panel of thousands of single
nucleotide polymorphisms (SNPs), which permits the
assessment of subtle population genomic structure
across islands that were part of the same PAIC as
recently as the LGM. The two species of Philippine
broadbill, Sarcophanops steerii Sharpe, 1876 and
Sarcophanops samarensis Steere, 1890, occur in
non-overlapping ranges within multiple subregions
of the Mindanao PAIC (as described by Hosner et al.
2018). Specifically, S. steerii is found in Dinagat/
Siargao, Eastern Mindanao and the Zamboanga
Peninsula (referred to collectively as Mindanao),
whereas S. samarensis is found on Samar/Leyte and
Bohol (referred to collectively as Visayan). Inferring
differentiation at this evolutionary time scale has
not, to our knowledge, been documented in Philippine
avifauna. Focusing on a genus (Sarcophanops) endemic
to a single PAIC enables us to: (1) examine inter- or
intra-island population structure within Sarcophanops
species to obtain a glimpse into genetic connectivity
of avifauna endemic to the Mindanao PAIC; and (2)
expand our understanding of the population history of
these enigmatic taxa.
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Figure 1. Map of Philippine Archipelago, adapted from
Hosner et al. (2018), with subregions of the Mindanao
Pleistocene aggregate island complex (PAIC) shown
(Mindanao in yellow and Visayas in blue). Approximate
sampling localities are shown as black squares. Note the
shallow (120 m) isobath surrounding the entire PAIC.

MATERIAL AND METHODS

SAMPLING AND DNA EXTRACTION

We obtained tissue samples (N = 22) of Sarcophanops
from across their distribution range in the Philippines
and used two individuals of Serilophus lunatus
Swainson, 1837 as the outgroup (Table 1; Fig. 1; for
information on outgroup selection, see Moyle et al.,
2006). Tissue samples (frozen and/or ethanol-preserved
muscle tissue) and associated voucher specimens
were collected under the auspices of Gratuitous
Permits to Collect Biological Specimens issued by the
Biodiversity Monitoring Bureau (formerly Parks and
Wildlife Bureau) of the Philippine central government.
Museum specimens and additional genetic material
are housed in the Biodiversity Institute at the
University of Kansas.
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RADSEQ METHODS

We used a modified RADseq (Miller et al., 2007) protocol
to prepare genomic libraries of putatively neutral loci
from across the genome. Initially, we digested genomic
DNA with a single restriction enzyme (Ndel). We
chose this enzyme and protocol because of success
in sequencing other Passeriformes species in the
laboratory from unrelated projects (e.g. Manthey &
Moyle, 2015). Next, we ligated custom adapters with
attached barcodes (Andolfatto et al.,2011) to all samples
(Supporting Information, Table S1). All individuals
were pooled and subsequently purified with AMPure
magnetic beads (Agencourt). To reduce genomic
coverage in the library further, we used a Pippin Prep
electrophoresis cassette (Sage Science) to size select
fragments between 500 and 600 bp. We purified the
library again with magnetic beads, performed a brief
polymerase chain reaction (PCR) in duplicate (14
cycles) and performed a final purification. The final
PCR step dual-indexed the samples (with standard
Illumina indices) for multiplexing. We tested the library
for DNA quality and quantity using quantitative PCR
and an Agilent Tapestation at the University of Kansas
Genome Sequencing Core Facility. The multiplexed
library was then pooled with libraries from unrelated
projects and sequenced on three lanes of an Illumina
HiSeq2500 flow cell.

SINGLE NUCLEOTIDE POLYMORPHISM DATASET
CONSTRUCTION

To assemble loci de novo and create SNP datasets from
our sequencing data, we used the STACKS (Catchen
et al., 2013) pipeline. Initially, we assigned sequences to
individuals and removed reads with poor quality using
the process_RADtags python script included in STACKS.
In order to be included in downstream analyses,
sequences were required to have an average phred score
of ten in sliding windows of 15 bp, not to contain the
adapter sequence and to contain the restriction cut site.
Next, we used the ustacks, cstacks and sstacks modules
of STACKS to assemble reads into loci and compare loci
across individuals. We used ustacks with the default
settings. In cstacks, we tested various numbers of
mismatches allowed between stacks when assembling
loci (N = 1-7). Here, genetic diversity within sampling
localities generally increased with greater numbers of
mismatches allowed, whereas genetic differentiation
between populations was generally constant between
N=3andN =7 (Supporting Information, Table S2). Based
on these initial patterns, we chose a value of N = 4 for
subsequent analyses. We then used the sstacks module
with default settings. Finally, we used the populations
module of STACKS to filter all loci and create two SNP
datasets: (1) a 50% coverage matrix (requiring an SNP

to be represented in > 50% of individuals; 50CM); and (2)
a 75% coverage matrix (75CM). In addition to individual
coverage, we required all loci to have a minimum read
depth of five and maximum observed heterozygosity <
50% to reduce the inclusion of paralogues. We assessed
how changing the minimum read depth of loci (m = 1,
5,10, 15, 20) would affect population genetic estimates.
Although the number of loci decreased with increasing
minimum read depth, estimates of genetic diversity
within and genetic differentiation between localities did
not change substantially (Supporting Information, Table
S2). Lastly, we assessed coverage across the genome by
matching loci identified in STACKS to chromosomes
in the zebra finch [Taeniopygia guttata Vieillot, 1817)]
using the BLAST+ utility (Camacho et al., 2009). Here,
we required a minimum of 70% sequence identity across
> 25 bp, and a maximum e-value of 0.001 to limit the
number of expected matches by chance in order to define
a match.

PHYLOGENETIC ANALYSIS

We used two methods to identify phylogenetic
relationships among individuals using a concatenated
matrix of all full-length sequences: RAXML v.8
(Stamatakis, 2014) and MRBAYES v.3.2.6 (Ronquist
& Huelsenbeck, 2003). Initially, we estimated an
appropriate model of sequence evolution (GTR+I+G
in this case) based on the Bayesian information
criterion (BIC) using PAUP v.4.0.151 (Swofford, 2011).
In RAXML, we estimated a maximum likelihood tree
and assessed support using 1000 rapid bootstrap
replicates. In MRBAYES, we ran four chains for five
million generations, excluding the first 50% of trees as
burn-in, and sampling every 5000 generations.

We also used the programs STRUCTURE (Pritchard
et al., 2000) and Discriminant Analysis of Principal
Components (DAPC; Jombart et al., 2010) to investigate
population genetic structure for the stricter 75CM
dataset. For both analyses, we subset our datasets
to include only one SNP per locus (two replicates
each) to minimize potential linkage effects. We ran
STRUCTURE initially with the number of populations
(K) limited to one to infer lambda. Next, we used a
constant lambda (set to the inferred value) to run the
admixture model with correlated allele frequencies for a
number of likely values of K (K = 1-5, with five runs for
each value of K). We defined the burn-in period as the
first 100 000 Markov chain Monte Carlo generations,
with the subsequent 100 000 iterations sampled. To
determine the most likely number of genetic clusters,
we implemented the AK method of Evanno et al. (2005)
using the program STRUCTURE HARVESTER (Earl
& vonHoldt, 2012). The DAPC analyses were performed
in R (R Core Team, 2013), using the package ‘adegenet’
(Jombart, 2008; Jombart & Ahmed, 2011). For DAPC,
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the most likely number of populations was determined
based on BIC values.

RESULTS

Sequencing coverage across individuals was
variable (Table 1), with a median of ~1.6 million
reads per individual (SD = 822 669 reads). From
these reads, we recovered ~25 000 RAD-tags per
individual (SD = 8533). The 50 and 75% coverage
matrices had 1737 and 885 loci, respectively,
corresponding to 4310 and 2271 SNPs (Supporting
Information, Table S1). All raw sequence data from
RADseq are available at the NCBI Sequence Read
Archive (BioProject ID: 522809) https://www.ncbi.
nlm.nih.gov/bioproject/522809. The number of loci
per chromosome, based on BLAST results to the
zebra finch, was positively related to chromosome
size (R? > 0.95; Supporting Information, Table
S3), suggesting that we obtained relatively even
sequencing coverage across the genome. Nearly 4%
of ingroup variant SNPs were fixed between Visayan
(S. samarensis) and Mindanao (S. steerii) species,
with a large proportion being private within each
group (~85%; Supporting Information, Table S4).
Genetic differentiation, measured by the fixation
index F,, between sampling localities within a
given species was generally low (F, < 0.15), but
high between species (Fg, > 0.30; Table 2). The
number of bi-allelic markers (>1000 SNPs) in our
study permitted confident estimates of F, despite
the small sample sizes within populations (Willing
et al., 2012). Likewise, population structure was most
apparent across species (i.e. between S. samarensis
and S. steeri) in phylogenetic and population genetic
analyses (Fig. 2). Phylogenetic analysis in RAXML and
MRBAYES recovered very similar topologies for both
coverage matrices, with all trees supporting a deep
split between species. We present only the maximum
likelihood tree for the 75CM herein, but all remaining
trees can be found in the Supporting Information (Figs
S1-S3). We did not recover significant differentiation
between the individual from Zamboanga Peninsula and
the rest of the Mindanao samples, despite the potential

inflation of F values attributable to the inclusion
of only one individual from Zamboanga (Campagna
et al., 2015). Relationships within S. samarensis
were more concordant with our expectations (i.e.
subspecific genetic structuring aligned with subregion
geographical range). Specifically, we found the the
Bohol population was identified as monophyletic,
separate from Samar/Leyte.

Population genetic analyses recovered a similar overall
pattern. In STRUCTURE, the AK method most strongly
supported two genetic clusters, separating populations
along species boundaries with no subregion separation.
We also inspected STRUCTURE results for K = 3,
which recovered an additional break between Bohol and
Samar/Leyte (Supporting Information, Tables S5-S7).

EKU 31598
KU 31612

S. samarensis

Nodes with <50%
BS support have
no labels

KU 28295

S. steerii

KU 19061
r[KU 19050
KU 19047

2.0E-4

Figure 2. Maximum likelihood phylogeny for the 75CM
dataset. Colours around clades correspond to Figure 1, with
Visayan Islands in shades of blue and Mindanao in shades of
yellow. Node support was drawn from 1000 rapid bootstrap
replicates. Abbreviation: BS, bootstrap. Additional trees can
be found in the Supporting Information (Figs S1-S3).

Table 2. Pairwise estimates of F, for the 75 and 50% coverage matrices above and below the diagonal, respectively

Bohol Leyte Samar Mindanao Zamboanga
Bohol 0.114 0.122 0.323 0.321
Leyte 0.116 0.106 0.369 0.452
Samar 0.114 0.116 0.340 0.355
Mindanao 0.310 0.346 0.333 0.204
Zamboanga 0.309 0.447 0.357 0.214
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Figure 3. Discriminant Analysis of Principal Components (DAPC) results. The Bayesian information criterion (BIC) model
selection supported three genetic clusters (inset, bottom left). Coloration of points follows Figure 1. The bar chart on the
right provides a STRUCTURE-like plot of the DAPC cluster assignment for all individuals.

Higher values of K did not clearly show finer-scale
genetic partitioning between geographical subregions.
When running DAPC on all individuals, we observed
three distinct clusters corresponding to individuals from
Mindanao, Bohol and Samar/Leyte (Fig. 3).

DISCUSSION

When comparing diversification in Sarcophanops
with other endemic fauna from the Mindanao PAIC,
we observe that many taxa show a similar pattern
of differentiation. For example, in Cyrtodactylus
geckos (Welton et al., 2010) and Crocidura shrews
(Esselstyn et al., 2009) the Visayan and Mindanao
populations form independent genetic clusters, which
is consistent with our phylogenomic and population
genetic analyses, which recover a deep split between
the Mindanao (S. steerii) and Visayan (S. samarensis)
species. Recently published findings based on Bayesian
species delimitation of mitochondrial DNA sequence
data also revealed the same deep split between
Mindanao and Visayan species (Hosner et al., 2018)
but failed to identify a signature of divergence within
S. samarensis that we found here. The well-supported
phylogenetic split between the Mindanao and Visayan
species in both the mitochondrial DNA (mtDNA) and

nuclear DNA suggests that they remained isolated
during the LGM, despite the fact all these islands
formed a single contiguous island, the Mindanao PAIC
(Fig. 1). It is possible that Pleistocene isolation of this
nature relates to the role of environmental suitability.
Based on palaeoclimate projections, Hosner et al.
(2014) found that the shallow Leyte Gulf (the land
bridge uniting the northern and southern islands of
the Mindanao PAIC) was unsuitable for most species
in their study and still acted as a barrier to gene flow
despite increased land connectivity. Although we did
not perform niche modelling in the present study, the
Leyte Gulf could also have been unsuitable habitat
for Sarcophanops, thus facilitating the divergence of
Mindanao and Visayan populations.

In our study, RADseq data revealed fine-scale inter-
island diversification within the Visayan broadbills,
which was not evident in mtDNA alone (Hosner et al.,
2018). This suggests that the shallow split between
Bohol and Samar/Leyte is rather recent, possibly
post-LGM. Single nucleotide polymorphism-based
genetic structure (Fig. 3) revealed a high probability
of two distinct populations within S. samarensis:
Samar/Leyte and Bohol. Although the identification of
genetically distinct populations in different subregions
of the Mindanao PAIC is not unprecedented
(Hosner et al. 2018), this is interesting given that
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there are no current subspecific taxa from the Visayan
Islands. In contrast, Mindanao contains two described
subspecies (S. steerii sterrii and S. steerii mayri), but we
recovered only one S. steerii population in the RADseq
dataset, with no evidence to support separation of the
Zamboanga population, as seen in the mtDNA dataset.
The estimate of F, between Mindanao and Zamboanga
populations could be inflated owing to the small (N =1)
sample size for the Zamboanga population (Campagna
et al., 2015), suggesting that there could be even less
population structure than reported herein. There are
not, however, any modern genetic samples available
from Dinagat/Siargao Islands, part of the described
range of S. s. mayri; therefore, we cannot confidently
claim that there are not any distinct S. steerii
populations missed owing to our sampling.

Although all present-day islands in the Visayas
were connected at one point during the LGM, the
narrow (0.8-1.6 km) and shallow (maximum 20 m)
San Juanico Strait separating Samar and Leyte
probably extended terrestrial connectivity between
these two islands longer relative to other neighbouring
islands in the Mindanao PAIC. Rising sea levels
at the end of the Pleistocene would have isolated
Bohol first, whereas prolonged connectivity between
Samar and Leyte could have promoted gene flow,
thus obscuring population genetic effects of inter-
island diversification. This pattern is not unique to
broadbills and can be observed in many birds endemic
to this area (Hosner et al., 2018). Given that little is
known about the current population status of these
birds, and because little appropriate forested habitat
remains on Bohol in particular, understanding the
genetic connectivity across the Visayan Islands is
an important contribution towards addressing the
conservation needs of this enigmatic genus properly.

CONCLUSIONS

Numerous studies have investigated the effect of PAICs
in generating endemism in the Philippines (for review,
see Brown et al., 2013). Nevertheless, the nature of
those studies has provided a limited understanding
of recent, between-island differentiation. Focusing on
an endemic lineage restricted to a single and well-
established island group, we were able to recover
both deep and subtle genetic differentiation between
islands. Although this differentiation was not well
supported in the ‘fast evolving’ mtDNA (Hosner
et al., 2018), we suggest that the two, previously
undocumented, Visayan lineages probably arose after
the LGM and are therefore detectable only in a deep,
genome-wide scan of thousands of loci using a method
such as RADseq. This study represents a step forward
in understanding subtle genetic differentiation
between recently isolated populations, not limited

to island populations, that has been undocumented
owing to past genomic sampling constraints.
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