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Abstract
Recent theoretical advances have hypothesized a central role of habitat persistence on
population genetic structure and resulting biodiversity patterns of freshwater organisms. Here, we address the hypothesis that lotic species, or lineages adapted to comparably geologically stable running water habitats (streams and their marginal
habitats), have high levels of endemicity and phylogeographic structure due to the persistent nature of their habitat. We use a nextRAD DNA sequencing approach to investigate the population structure and phylogeography of a putatively widespread New
Guinean species of diving beetle, Philaccolilus ameliae (Dytiscidae). We find that P.
ameliae is a complex of morphologically cryptic, but geographically and genetically
well‐differentiated clades. The pattern of population connectivity is consistent with
theoretical predictions associated with stable lotic habitats. However, in two clades,
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we find a more complex pattern of low population differentiation, revealing dispersal
across rugged mountains and watersheds of New Guinea up to 430 km apart. These
results, while surprising, were also consistent with the original formulation of the habitat template concept by Southwood, involving lineage‐idiosyncratic evolution in
response to abiotic factors. In our system, low population differentiation might reflect
a young species in a phase of range expansion utilizing vast available habitat. We suggest that predictions of life history variation resulting from the dichotomy between
lotic and lentic organisms require more attention to habitat characterization and microhabitat choice. Our results also underpin the necessity to study fine‐scale processes
but at a larger geographical scale, as compared to solely documenting macroecological
patterns, to understand ecological drivers of regional biodiversity. Comprehensive
sampling especially of tropical lineages in complex and threatened environments such
as New Guinea remains a critical challenge.
KEYWORDS

diving beetle evolution, Dytiscidae, habitat template concept, New Guinea biogeography,
nextRAD phylogeography, Philaccolilus, population genomics

1 | INTRODUCTION

(Gaston, 2000). Despite its importance, many fundamental questions
remain, including the degree to which the temporal and spatial nat-

Understanding how environmental and geological factors shape the

ure of available habitats may impact the evolutionary trajectories of

geographical distribution of biodiversity is a central theme in biology

species or radiations thereof. The habitat template concept (originally

Molecular Ecology. 2018;27:3541–3554.

wileyonlinelibrary.com/journal/mec

© 2018 John Wiley & Sons Ltd

|

3541

3542

|

LAM

ET AL.

“templet,” HTC) has been proposed to explain how intrinsic features

range sizes as assumed for lotic species will have a greater probabil-

and constraints imposed by a given habitat may drive the evolution

ity of extinction leading to higher species turnover in space and time

of ecological traits and evolutionary strategies of its inhabitants

(Ribera et al., 2001). We will refer to this set of hypotheses as the

(Southwood, 1977). These drivers, in turn, have scaled effects on the

“habitat constraint hypotheses” herein. As noted above, lotic habi-

population structure and biogeography of species (Southwood, 1977,

tats are far from being homogenous. Many abiotic factors vary from

1988; Korfiatis & Stamou, 1999; see Dijkstra, Monaghan, & Pauls,

headwaters to the lowlands, such as water salinity, temperature,

2014 for a review). As a result, the habitat template concept predicts

nutrient load, substrate, and flow velocity, all in concert creating a

that species that occupy habitats characterized by different scales in

vast number of different (micro) habitats. In addition, channels of

time and space will exhibit different patterns of ecological and geo-

highland streams are usually much more separated from each other

graphical diversification. It is, however, important to also consider

and even more so from other catchments by the mountain ridges

Southwood's (1977: 359) conclusion, stating that one should “…not

that fringe them, which in turn might limit dispersal between them.

visualize habitat as a rigid causal templet…” and that “…an organism

Lowland streams, on the other hand, are usually not separated by

may evolve so that it is exposed to a different templet (…). Habitat

high mountains so more opportunities for dispersal between them

and organism are thus parts of a system linked with ‘feed‐back’.”

exist (Bilton, Freeland, & Okamura, 2001; Bohonak & Jenkins, 2003;

The HTC and its predictions are also central to hypotheses underly-

Hughes, 2007; Múrria, Bonada, Arnedo, Prat, & Vogler, 2013).

ing evolutionary diversification. For example, Wilson's (1959, 1961)

Several authors have documented associations between charac-

taxon cycle operates through “…phases of range expansion and con-

teristics of aquatic habitats and dispersal traits and range size. For

traction coupled to ecological and evolutionary niche shifts” (Econ-

example, Arribas et al. (2012) demonstrated that lentic water beetles

omo & Sarnat, 2012), providing an integrative framework to

have larger wings when compared to closely related lotic species.

understand the evolution of narrow endemics out of widespread

Ribera and Vogler (2000) found that among 490 beetle species in

species.

the Iberian peninsula, only those with narrow distributions were lotic

According to the HTC, a fundamental factor influencing the

and that generally reduced vagility is associated with comparatively

selection for dispersal is the persistence of habitats through time

smaller range size in lotic species (Grewe, Hof, Dehling, Brandl, &

(Bohonak, 1999; Denno, Roderick, Olmstead, & Döbel, 1991; Roff,

Brändle, 2013; Ribera & Vogler, 2004; Ribera et al., 2001, 2003).

1994). Freshwater ecosystems, as spatially defined habitats with var-

Habitat characteristics also affect latitudinal patterns of diversity in

ied degrees of geological stability, are particularly well suited to test-

aquatic species. For example, the proportion of lentic species

ing the HTC (Hughes, 2007; Ribera, 2008; Ribera & Vogler, 2000).

increases towards the poles, a pattern thought to be the result of a

First, freshwater habitats can be readily categorized, allowing for

greater dispersal by lentic species, leading to faster recolonization of

direct evolutionary comparisons. The major abiotic factor that classi-

areas glaciated during the Pleistocene (Ribera et al., 2003).

fies freshwater habitats is their flow regime: Lotic habitats (i.e.,

The genetic structure of freshwater aquatic macroinvertebrate

streams and rivers) are those with running water, and lentic habitats

populations is generally greater in lotic species when compared to

(i.e., lakes, ponds) are those with standing water (Ribera, 2008),

their lentic counterparts (e.g., Ribera et al., 2001, 2003; Ribera &

although it is important to note that stagnant water habitats do exist

Vogler, 2004; Marten, Brandle, & Brandle, 2006; Hof et al. 2006;

along stream beds and running waters can also dry out, as in inter-

Monaghan et al., 2005). For example, Hjalmarsson, Bergsten, and

mittent streams (Shaverdo, Surbakti, Hendrich, & Balke, 2012). Sec-

Monaghan (2014) found that tropical stream margin beetle species

ond, these two types of habitats further differ in their ecological and

had significantly greater population structure when compared to len-

spatiotemporal characteristics: Lotic habitats are generally considered

tic and lotolentic (generalist) species. Papadopoulou et al. (2008),

to be more stable than lentic habitats as they are more continuous

Papadopoulou, Anastasiou, Keskin, and Vogler (2009) showed that

both spatially and temporally (Dijkstra et al., 2014; Ribera, Dolédec,

terrestrial beetles occupying habitat types differing in stability varied

Downie, & Foster, 2001). Thus, characters under direct selection as

in coalescence of mitochondrial DNA (mtDNA), with lineages in

a result of habitat associations can be predicted a priori for lotic and

more stable habitats having greater levels of population subdivision

lentic species: Lotic species are under decreased selection pressure

and geographical structure. However, predictions from the habitat

for dispersal owing to the stability of lotic habitats and thus experi-

constraint hypotheses have also been challenged by recent molecular

ence a lower risk of local extinction (Roff, 1986) than are species

genetic studies. A comprehensive phylogeny of Odonata found that

restricted to ephemeral standing water bodies (Dobson & Frid,

lentic clades have higher diversification rates than lotic ones, with

1998). Further, because dispersal is associated with gene flow

the explanation that larger range size resulted in a higher likelihood

among populations generally (Slatkin, 1985) and in aquatic species

of vicariant events dividing an ancestral range, thereby creating a

(Phillipsen et al., 2014), increased genetic differentiation of neigh-

higher number of available habitats (Letsch, Gottsberger, & Ware,

bouring habitat patches should be observed in lotic versus lentic

2016). Désamoré, Laenen, Miller, and Bergsten (2018) found no evi-

species, a prediction that can be empirically tested (Ribera, Foster, &

dence for increased net diversification rates between lentic and lotic

Vogler, 2003; Ribera & Vogler, 2004; Ribera et al., 2001). Finally,

species lineages in diving beetles (Dytiscidae), albeit with a reduced

because reduced gene flow leads to an increased probability of peri-

taxon sampling across the family. On larger spatial and temporal

patric and allopatric speciation, lineages with small geographical

scales, Short and Caterino (2009) found different phylogeographic
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patterns in three sympatric lotic beetle species from three different

three putative new species (Supporting Information Table S1). One

families, questioning the validity of habitat as a general predictor of

individual from the closely related genus Laccophilus was included as

evolutionary patterns. Finally, in tropical regions a large proportion

an outgroup. DNA was extracted from whole beetles with punctured

of tropical lotic beetle diversity is found in stagnant water microhabi-

metacoxa, using the DNeasy Blood & Tissue Kit from Qiagen (Hil-

tats at the edge of streams or around springs (Balke, Jäch, & Hen-

den, Germany). Voucher specimens are housed at the Museum Zoo-

drich, 2004).

logicum Bogoriense, Cibinong, West Java, Indonesia and the

The Philaccolilus diving beetles (Dytiscidae, Laccophilinae) are

Zoological State Collection, Munich.

endemic to New Guinea and strictly running water inhabitants (i.e.,
lotic sensu stricto), occupying smaller forest creeks, fast‐flowing
montane streams with heavy flooding and streaming, and mud free

2.2 | nextRAD sequencing

edges of lowland rivers (Balke, Larson, Hendrich, & Konyorah, 2000;

We obtained single nucleotide polymorphism (SNP) data by convert-

Figure 1). There are twelve described species (Nilsson, 2016), and

ing genomic DNA into nextRAD libraries as described by Russello,

about five additional undescribed ones recently discovered in New

Waterhouse, Etter, and Johnson (2015). Briefly, genomic DNA was

Guinea (Balke, unpublished). Species in the genus vary in range size

fragmented with Nextera reagent (Illumina, San Diego, CA, USA),

from limited endemics (P. kokodanus, P. bicinctus, P. speciosus on iso-

which also ligates short adapter sequences to the ends of the frag-

lated mountain ranges of the Papuan Peninsula: P. aterrimus on

ments. The Nextera reaction was scaled for fragmenting 10 nano-

Mount Gamey south of Nabire, and a new species from the Bewani

grams of genomic DNA. Fragmented DNA was then amplified, with

Mountains), to wide ranges (e.g., P. ameliae across the central high-

one of the primers matching the adapter and extending nine nucleo-

land spine of the island and large parts of the Birds Head peninsula,

tides into the genomic DNA with the selective sequence GTGTA-

P. irianensis along the western part of the north coast of New Gui-

GAGC. Therefore, only fragments starting with a sequence that can

nea mainland; Balke et al., 2000; Balke unpublished).

be hybridized by the selective sequence of the primer were effi-

Here, we use a nextRAD sequencing approach (nextera‐tagmen-

ciently amplified by PCR. The nextRAD libraries were sequenced on

ted, reductively amplified DNA) to examine the genomic population

an Illumina HiSeq 2500 (University of Oregon, USA). Custom scripts

structure of the most widespread species, P. ameliae (Balke et al.,

(SNPsaurus.com) were used to create a de novo reference from

2000). This species includes two subspecies: P. a. ameliae (Balke et

abundant reads, and all the reads were then mapped to the refer-

al., 2000) from eastern Papua New Guinea and the morphologically

ence with an alignment identity threshold of 93% (BBMAP, Bushnell,

extremely similar P. a. weylandensis (Balke) from the Weyland Moun-

2016). Genotype calling was done using

tains of Papua (Figure 1), defined only by subtle differences in the

tools mpileup ‐gu ‐Q 10 ‐t DP, DPR ‐f ref.fasta ‐b samples.txt |

male copulatory structure (Balke et al., 2000). With new localities

bcftools call ‐cv ‐ > genotypes.vcf). The vcf files were converted to

reported here (purple in Figure 1), the geographical distribution of P.

PHYLIP format by concatenating the de novo reference and substi-

ameliae, as currently defined based on morphology, ranges across

tuting the called genotypes for each sample at the polymorphic

almost the entire island of New Guinea (Figure 1). New Guinea has

positions.

SAMTOOLS

and

BCFTOOLS

(sam-

a complex geotectonic history consisting of numerous geological ele-

Sequencing of the nextRAD library produced a total of

ments such as continental fragments, former oceanic island arcs of

130,005,273 reads from 91 individuals, and the reads collapsed to

Pacific origin and a massive central orogen mainly of Gondwanan

40,059 loci that were distinct from other loci by an identity

origin (Toussaint et al., 2014), all of which are expected to have an

threshold of at least 92%. These loci were used as a de novo ref-

impact on species ranges and population connectivity (e.g., Balke et

erence for aligning the sequence reads from each sample using

al., 2009; Deiner, Lemmon, Mack, Fleischer, & Dumbacher, 2011;

BBMAP (k = 9, slow mode, indel = 15, minid = 0.92). The resulting

Toussaint, Sagata, Surbakti, Hendrich, & Balke, 2013; Toussaint et al.,

bam files were converted to a vcf genotype table using samtools

2014). Specifically, we test predictions of the habitat constraint

mpileup. The putative variants in the vcf genotype table were

hypotheses for the widespread lotic P. ameliae, in the context of the

then filtered using vcftools to remove variants not present in at

complex geology of New Guinea that includes different geological

least 85% of the samples and allowing variants with a population

formations, mountain ranges and stream systems.

frequency of at least 0.05 to reduce artefactual variants. After filtering, the final data set consisted of 5,609 SNPs in 1,726 loci

2 | MATERIALS AND METHODS
2.1 | Taxon sampling

across 90 individuals (89 Philaccolilus, one outgroup). The vcf file
was converted to PHYLIP format by concatenating the full
sequence of each locus, ambiguity codes were used for heterozygote sites to create a sample‐specific sequence. Thus, each

We sampled 60 individuals of Philaccolilus ameliae from seven locali-

sequence contained the variant and invariant nucleotides for each

ties across New Guinea (Figure 1, dots in purple and orange), repre-

sample.

senting both described subspecies (Balke et al., 2000). To test the

We tested all polymorphic loci for evidence of selection using

monophyly of P. ameliae, we included 30 additional samples repre-

the Bayesian simulation method of Beaumont and Balding (2004) as

senting nine of the 12 described species of Philaccolilus, as well as

implemented in

BAYESCAN

2.1 (Foll & Gaggiotti, 2008). Analyses were
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Philaccolilus cf. ameliae ameliae
Philaccolilus ameliae ameliae
(no genomic data)
Philaccolilus ameliae weylandensis
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F I G U R E 1 Distribution of Philaccolilus ameliae, as defined morphologically, across New Guinea. Melanesia showing detailed sampling
localities. Distributions based on Balke et al., 2000 and Museum collection data. Two pictures of Philaccolilus ameliae typical habitat are
presented at the bottom (left, slow‐flowing stream Kebar, valley floor; right, faster‐flowing stream on mountain slope, Kebar). The base map
was generated in the Google Maps API's StylingWizard (https://mapstyle.withgoogle.com/) and edited in a graphic design software [Colour
figure can be viewed at wileyonlinelibrary.com]
run separately for each cluster studied in detail (described below).

interest outlined in the results section for the phylogenetic analysis.

We used a prior odds value of 10, with 100,000 iterations and a

Therefore, all 5,609 SNPs were retained for population genetic anal-

burn‐in of 50,000 iterations. We identified loci that were significant

yses of P. ameliae. Raw nextRAD sequences, as well as input files for

outliers at a q‐value of 0.20. The analyses revealed that none of the

all major analyses, are available in DRYAD (https://doi.org/10.5061/

loci displayed evidence of selection in any of the three clusters of

dryad.hq77h24).
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DISTRUCT ver. 1.1 (Rosenberg, 2004). Initial results suggested diver-

2.3 | Phylogenetic analyses

gent clusters within P. ameliae (described in detail in the Results sec-

We conducted phylogenetic analysis on the full alignment of

tion below). To detect population subdivision that may be

172,600 bps including all specimens. The best model of nucleotide

overlooked within each cluster (potential cryptic species), we subse-

substitution was selected in

IQ-TREE

1.5.3 (Nguyen, Schmidt, von Hae-

seler, & Minh, 2015) using the Auto function. All models included in
IQ-TREE

quently conducted

STRUCTURE

analyses for each subclade, as in Gowen

et al. (2014).

were tested including the ones relaxing the assumption of

In addition, structuring was examined using principal compo-

gamma‐distributed rates (+R; Soubrier et al., 2012), and the fit of

nent analyses (PCAs), a multivariate approach. Specifically, we

the different models was assessed using the Akaike information cri-

used the Excel‐based program GENALEX 6.1 (Peakall & Smouse,

terion corrected (AICc). To assess nodal support, we performed

2006) to calculate a genetic distance and to convert this into a

1,000 ultrafast bootstrap replicates (UFBoot, Minh, Nguyen, & von

covariance matrix with data standardization for the PCA. The

Haeseler, 2013). We also performed SH‐aLRT tests (Guindon et al.,

first three principal components were plotted in the R package

2010), with 1,000 replicates. To fully explore alternative topologies

scatterplot3d (Ligges & Martin, 2003). Each cluster was analysed

and reduce the risk of local optimum, 500 independent tree searches

separately.

were performed in

IQ-TREE.

Levels of genetic differentiation among groups of each of the

We used SVDquartets (Chifman & Kubatko, 2014) as implemented in

PAUP*

4.0a (Swofford, 2003) to analyse the entire speci-

three clusters were estimated by pairwise FST (Weir & Cockerham,
1984) as implemented in

GENETIX

(Belkhir, Borsa, Chikhi, Raufaste, &

men‐level dataset in a coalescent framework. SVDquartets has the

Bonhomme, 2004) using 1,000 permutations. For the interpretation

advantage of not requiring a priori inferred gene topologies as in

of pairwise FST values, we follow the very general classification

several summary methods, but rather directly relies on the DNA

genetic differentiation of Hartl and Clark (1997): FST < 0.05 very lit-

sequences (Chifman & Kubatko, 2014; Chou et al., 2015). Therefore,

tle, 0.05–0.15 moderate, 0.15–0.25 great and >0.25 very great. To

SVDquartets allows the consideration of both mutational and coales-

determine the extent to which genetic variation was partitioned

cent variance in the estimation of phylogenetic relationships (Chif-

across samples within each clade, we conducted a hierarchical analy-

man & Kubatko, 2014). SVDquartets has also been shown to

sis of molecular variance (AMOVA, Excoffier, Smouse, & Quattro,

perform better than other species tree inference programs in pres-

1992) using

ence of gene flow (Long & Kubatko, 2018). SVDquartets assumes

assessed using 1,000 permutations.

ARLEQUIN

3.5 (Excoffier & Lischer, 2010) with significance

that each site has its own genealogy drawn from the coalescent
model (Chifman & Kubatko, 2014). The method uses the coalescent
model to infer the quartet trees for all subsets of four lineages and
then combines the set of quartet trees into a species tree. To assemble the resulting quartets, a quartet tree agglomeration method is
necessary. In

PAUP*,

the quartets were assembled using the Quartet

FM heuristic approach (Reaz, Bayzid, & Rahman, 2014). We ran
SVDquartets in

PAUP*

to infer a species tree and using 10,000 ran-

3 | RESULTS
3.1 | Molecular phylogenetics
The result of the

IQ-TREE

and SVDquartets phylogenetic analyses

are presented in Figure 2. GTR+G was chosen for the best
model for

IQ-TREE. IQ-TREE

recovered a well‐resolved topology with

domly generated quartets and with 100 nonparametric bootstrap

robust nodal support at every node along the backbone. P. bac-

replicates to assess nodal support across the phylogeny.

chusi is found as sister to P. ameliae with strong nodal support
(UFBoot = 100/SH‐aLRT = 100). P. ameliae is recovered as paraphyletic with respect to P. mas which is recovered as sister to

2.4 | Population genetics analyses

clade A with strong nodal support (UFBoot = 100/SH‐aLRT =

We assessed overall population structuring using a Bayesian cluster-

100). Populations of P. ameliae are divided into three clades (Fig-

2.3.4 (Pritchard, Stephens, & Donnelly,

ure 2). In this article, we will refer to the clade comprising all P.

ing analysis in

STRUCTURE

2000). Run length was set to 100,000 MCMC replicates after a

ameliae‐like beetles (including P. mas) as the “P. ameliae complex.”

burn‐in period of 1,000,000 using correlated allele frequencies under

The three main P. ameliae clades consist of individuals from (A)

a straight admixture model. We varied the number of clusters (K)

the Birds Head peninsula (Arfak, Kebar, Testega), (B) Foja moun-

from 1 to 8, with 10 replicates for each value of K. We used the

tains and Sandaun province and (C) Ok Sibil and the Weyland

admixture model with correlated allelic frequencies. The broadscale

Mts. (Figures 1–3). Within clade (C), the two localities also appear

number of clusters was initially determined examining both the pos-

structured, forming two subclades.

terior probabilities of the data for each K and the ΔK estimator

At the species‐level, SVDquartets recovers an identical phyloge-

described by Evanno, Regnaut, and Goudet (2005) as calculated in

netic hypothesis for the genus Philaccolilus as the one inferred in

Structure Harvester (Earl & vonHoldt, 2012). Results for the identi-

TREE

IQ-

based on the full specimen data set (Figure 1). Nodal support

ver. 1.1

values across the topology are generally high (nonparametric boot-

(Jakobsson & Rosenberg, 2007) using 1,000 permutations and the

strap > 70); however, the most derived nodes received lower nodal

LargeKGreedy algorithm. The result was then plotted using

support.

fied optimal values of K were summarized using

CLUMPP
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the total variation (Figure 4).

analyses including all individuals of the P. ameliae

In contrast, the AMOVA and pairwise FST analyses confirmed

complex recovered the same clusters described above (Figure 3).

the high level of variation between the two populations of P.

As these clusters seem to act as independent evolutionary units

ameliae found in Ok Sibil and the Weyland mountains (clade C;

STRUCTURE

(putative cryptic species), we analysed each cluster separately in

variation

subsequent population genetic analyses. The single P. mas individ-

Table 1). Differentiation between the two localities was signifi-

ual makes up a unique lineage that is clearly distinct from all

cant (pairwise FST = 0.34, Table 2). PCA also showed two distinct

other samples included; therefore, it was not included in further

clusters (Figure 4).

among

group = 51.66%,

p = 0.00587;

FST = 0.51;

population genetic analyses. Analysing each group separately, the
ΔK method identified two genetic populations in each group (Figure 3). However, using the method of Evanno et al. (2005) for
estimating the optimal number of cluster(s) based on ΔK, it
would not be possible to select a scenario of K = 1. Moreover,
Latch, Dharmarajan, Glaubitz, and Rhodes (2006) showed that
STRUCTURE

could not distinguish clusters and delivered inconsistent

4 | DISCUSSION
4.1 | Taxonomy of the Philaccolilus ameliae species
complex
Based on both gene tree (concatenated results of

IQ-TREE)

and spe-

results when populations have an FST of 0.03 or below. There-

cies tree methods (SVDquartets), P. ameliae is recovered as para-

fore, we distinguish between scenarios of two discrete popula-

phyletic with strong support. P. mas, which is nested within the

tions and one panmictic population by observing the level of

P. ameliae clade, is morphologically distinct from P. ameliae in terms

admixture.

of male genital morphology and structure of male protarsal setation.

Both clades (A) and (B) have very weak structure and unclear
assignments of individuals into clusters, suggesting that each group

They are sympatric, possibly Syntopic, in the Weyland Mountains
area (Balke et al., 2000).

forms a single population (Figure 3). In the Birds Head group (A),

Within what is currently considered a single species P. ameliae,

the single individual from “Arfak” is distinct from individuals of the

the data presented here suggest the presence of not one widespread

“Kebar” populations, but there is high level of mixed assignment

species, but a complex of three or four cryptic species, correspond-

between the “Kebar” and “Testega” populations. In the “Foja” +

ing to clades A, B and C, and possibly two species within clade C.

“Sandaun” group (B), there is high level of admixture between the

These appear in a geographical sequence (Figure 3), with one species

Foja and Sandaun populations. In clade (C), the “Ok Sibil” and

occurring on the Birds Head peninsula, one in the West New Guinea

“Weyland 2” populations remain distinct with no observable

mainland, and one more towards the east. The latter represents the
nominal species P. ameliae, which was described from Papua New

admixture.
The AMOVA revealed a low amount of variation in clade (A;

Guinea (Figure 1, white dots) but for which we had no genomic data

9.98%, FST = 0.1; Table 1). Pairwise FST estimations showed congru-

because only old museum specimens exist. We did, however, obtain

suggesting insignificant dif-

a short fragment (600 bp) from the 3’ mtDNA cox1 gene from four

ferentiation between the three populations in the Birds Head

PNG specimens collected close to the type locality of P. ameliae and

peninsula (pairwise FST = 0.02–0.03, Table 2). The PCA showed that

these specimens group with Foja/Sandaun specimens found in clade

the first three components explained only a minor portion of the

B (98.9% identical, data not shown here as a formal integrative taxo-

total variance (20.82% cumulative, Table 3). Overall, our PCAs are

nomic review will be presented in a separate paper).

ent results with AMOVA and

STRUCTURE,

congruent in showing no distinct clustering between the Kebar and
Testega populations (Figure 4). Similarly, the AMOVA and pairwise
FST analyses revealed a low amount of variation between the two
populations of P. ameliae found in clade (B), Foja and Sandaun (varia-

New Guinea is a geologically complex, mostly tropical environment,

Table 1).

with a large central mountain range that divides the island in the

Between the two localities, there is little differentiation (pairwise

middle, as well as numerous other mountain ranges (e.g., along the

FST = 0.03, Table 2). PCA showed a similar pattern with high level of

north coast), with uncounted watersheds and stream systems.

tion

among

group = 26.74%,

p = 0.045;

FST = 0.27;

4.2 | Population genomics of Philaccolilus ameliae

F I G U R E 2 Phylogenetic relationships as recovered in the IQ-TREE and SVDquartets analyses of the concatenated nextRAD data set. The
maximum likelihood phylogeny inferred in IQ-TREE based on the concatenated data set (1,726 loci across 89 Philaccolilus specimens; 172,600
aligned base pairs) is presented with colour‐coding for the main geographical regions. Nodal support values are given according to the inserted
caption (black dots indicate robust nodal support; UFBoot >95 and SH‐aLRT >80). On the bottom left corner is presented the SVDquartets
species tree based on the analyses performed in PAUP*. Nodal support in the form of nonparametric bootstrap values is given for each node of
the species tree. A picture of Philaccolilus ameliae is also shown (photo: M. Balke) [Colour figure can be viewed at wileyonlinelibrary.com]
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P. sp black (Tamrau) MB6858
P. sp black (Tamrau) MB6857
P. sp black (Tamrau) MB6915
P. sp band (Testega) MB6227
P. sp band (Testega) MB6228
P. bellissimus (Foja) MB6464
P. bicinctus (Central Kokoda) MB2845
P. bicinctus (Central Kokoda) MB4116
P. mekus (Sandaun) MB4936
P. mekus (Sandaun) MB4937
P. mekus (Sandaun) MB6025
P. incognitus MB4087
P. irianensis Papua (Foja) MB3046
P. irianensis Papua (Foja) MB6459
P. irianensis Papua (Foja) MB5139
P. irianensis Papua (Foja) MB6460
P. ramuensis (Jimi) MB2871
P. ramuensis (Jimi) MB6400
P. ramuensis (Jimi) MB6401
P. sp (Iratoi) MB6917
P. sp (Iratoi) MB6918
P.
sp (Iratoi) MB6916
UFBoot > 95 / SH-aLRT > 80
P. sp (Iratoi) MB6919
P. sp (Iratoi) MB6921
P. sp (Iratoi) MB6923
P. sp (Iratoi) MB6920
P. sp (Iratoi) MB6922
P. bacchusi Morobe (Garaina) MB3835
P. bacchusi Morobe (Garaina) MB3838
P. a. ameliae Papua (Foja) MB6461
P. a. ameliae Papua (Foja) MB6462
CLADE B
P. a. ameliae Papua (Foja) MB6463
P. a. ameliae (Sandaun) MB3736
P. a. ameliae (Sandaun) MB4939
P. a. ameliae (Sandaun) MB3735
P. a. ameliae (Sandaun) MB4940
P. a. weylandens (Weyland) MB4207
P. a. weylandens (Weyland) MB4208
P. a. oksibil (Ok Sibil) MB6938
P. a. oksibil (Ok Sibil) MB6925
CLADE C
P. a. oksibil (Ok Sibil) MB6932
P. a. oksibil (Ok Sibil) MB6924
P. a. oksibil (Ok Sibil) MB6931
P. a. oksibil (Ok Sibil) MB6926
P. a. oksibil (Ok Sibil) MB6933
P. a. oksibil (Ok Sibil) MB6928
P. a. oksibil (Ok Sibil) MB6935
P. a. oksibil (Ok Sibil) MB6930
P. a. oksibil (Ok Sibil) MB6937
P. a. oksibil (Ok Sibil) MB6927
P. a. oksibil (Ok Sibil) MB6934
P. a. oksibil (Ok Sibil) MB6929
P. a. oksibil (Ok Sibil) MB6936
P. mas (Weyland) MB3044
Arfak Kebar+Testega
P. a. ameliae (Testega) MB6902
Sandaun
P. a. ameliae (Testega) MB6901
CLADE A
P. mas
P. a. ameliae (Testega) MB6899
Foja
56
P.
a. ameliae (Testega) MB6903
100
Ok Sibil
P. a. ameliae (Testega) MB6909
Weyland
100
P. a. ameliae (Testega) MB6906
P. a. ameliae (Testega) MB6912
74 100
P. bacchusi
P. a. ameliae (Testega) MB6898
100
P. a. ameliae (Testega) MB6900
98
P. a. ameliae (Testega) MB6904
P. a. ameliae (Testega) MB6907
100
P. a. ameliae (Testega) MB6910
P. a. ameliae (Testega) MB6905
100
P. a. ameliae (Testega) MB6908
P. a. ameliae (Testega) MB6911
100
P. a. ameliae (Kebar) MB6885
100
0.003
P. a. ameliae (Kebar) MB6890
100
P. a. ameliae (Kebar) MB6853
P. ramuensis
100
100
P. a. ameliae (Kebar) MB6896
P. sp (Iratoi)
P.
a. ameliae (Kebar) MB6897
100
P. a. ameliae (Kebar) MB6855
P. irianensis
P. a. ameliae (Arfak) MB3053
P. incognitus
P. a. ameliae (Kebar) MB6886
P. a. ameliae (Kebar) MB6856
P. a. ameliae (Kebar) MB6892
P. a. ameliae (Kebar) MB6895
P. a. ameliae (Kebar) MB6854
P. a. ameliae (Kebar) MB6887
P. a. ameliae (Kebar) MB6852
P. a. ameliae (Kebar) MB6883
100
P. a. ameliae (Kebar) MB6894
P. a. ameliae (Kebar) MB6884
P. mekus
P. sp band
P. a. ameliae (Kebar) MB6851
P. a. ameliae (Kebar) MB6891
P. sp black
P. a. ameliae (Kebar) MB6893
P. bicinctus
P. bellissimus
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F I G U R E 3 Population genetics of the Philaccolilus ameliae species complex. (a) New Guinea with collecting localities of the eight
populations studied, locality colours correspond to colours in STRUCTURE barplots; (b) Bayesian clustering analyses of nextRAD SNPs data in
STRUCTURE. Top: barplot for the P. ameliae species complex (K = 1–10) shows that the complex is split into four distinct clusters with no genetic
admixture. Bottom: Barplots of clusters A, B and C of P. ameliae separately (K = 2 for each successive run) reveal a high level of admixture
within clusters A and B. The two populations in cluster C remain discrete. The base map was generated in the Google Maps API's
StylingWizard (https://mapstyle.withgoogle.com/) and edited in a graphic design software [Colour figure can be viewed at
wileyonlinelibrary.com]
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T A B L E 1 Analyses of molecular variance (AMOVA) of population
pairs within clades A, B and C of P. ameliae
Source of variation

df

Sum of
squares

Percentage
of variation

2

453.22

9.98

69

4475.33

90.02

3549

2018). As a result, the micro‐ and macroevolutionary processes leading to the astonishing biodiversity of the island remain mostly
unknown. Following the habitat constraints hypotheses (Ribera,

Fixation index

Clade A

2008), one can predict that New Guinean lotic lineages should exhibit high levels of local endemism and population structure between

Among group
Within populations

FST = 0.10,
p = 0.00098

watersheds and geological terranes on the island because of low dispersal in stable environments. Such a pattern has been previously
suggested by several studies involving large time‐calibrated molecular phylogenies, including lotic Exocelina diving beetles (Toussaint,

Clade B
Among group
Within populations

1

130.81

26.74

26

566.33

73.26

1

241.55

51.66

32

904.8

48.34

FST = 0.27,
p = 0.045

Hendrich, Shaverdo, & Balke, 2015; Toussaint et al., 2014), rainbowfishes (Unmack et al., 2013) and the New Guinea snapping turtle
Elseya novaeguineae (Georges et al., 2011). However, there are no
studies to date that focus on fine‐scale phylogeographic patterns

Clade C
Among group
Within populations

FST = 0.51,
p = 0.00587

among populations of aquatic lineages across the island (but see Lam
et al., 2018; Georges et al., 2011 for Miocenic divergence of regional
populations).
Morphological systematic work has described P. ameliae as a sin-

T A B L E 2 Pairwise FST estimates calculated with
with * were significant (p < 0.05)

GENETIX.

Values

Arfak

male genitalia differences for the “Weyland 2” samples (Figure 2).
However, the genomic nexRAD data used in this study reveal geo-

FST of P. ameliae clade A.
Arfak

gle widespread species ranging across the entire island, with subtle

graphical subdivision. Yet, within two of the three genetic clusters,
Kebar

Testega

0.03

0.02

scapes and at different elevations (e.g., Foja localities are 150 m

0.02

high, while Sandaun localities are 700 m high).

Kebar
FST of P. ameliae clade B

we find comparatively little differentiation across complex land-

Clade (A) includes samples from different watersheds of different
Foja

Sandaun

0.03

mountain ranges of the Birds Head (i.e., Arfak Mountain localities
“Arfak” and “Testega” and Tamrau Mts.: “Kebar”, maximum 100 km
apart), yet our data suggest insignificant differentiation across the

FST of P. ameliae clade C
Weyland mountains
Ok Sibil

0.34*

entire peninsula (Figure 3; pairwise FST = 0.02–0.03, Table 2). Geologically, the localities are all situated on uplifted Gondwanan rock
(Testega), although in a few cases, it is unclear whether localities are
on uplifted Gondwanan rock or the attached transition towards

T A B L E 3 Principal coordinates analysis based on individual
nextRAD genotypes: percentage of variation explained by the first
three axes

Clade A

Clade B

Clade C

younger rocks that overlie accreted Pacific material. The altitudes
reach from 320 m (Arfak) to 1,010 m (Testega), which means that
clade (A) is distributed from just above tropical lowland up to the

Axis 1

Axis 2

Axis 3

cooler mid‐montane altitudes. While not specifically quantified in

%

8.23

7.47

5.12

the field, it is obvious that the streams exhibit different abiotic fea-

Cumulative %

8.23

15.70

20.82

tures, ranging from slow‐flowing, shallow, small streams on valley

%

21.69

16.55

5.91

Cumulative %

21.69

38.23

44.14

%

40.58

19.20

5.33

Cumulative %

40.58

59.78

65.12

floor with an abundance of sand banks; to deep and sandy streams
(Kebar valley floor, Figure 1 and Testega); to fast‐flowing streams on
mountain slope with rocky/gravelly substrate (Kebar, Figure 1, and
Arfak).
Populations of clade B originate from different catchments and
are even more geographically and geologically distinct from each

Despite the unique biota and paleogeological history of the island,

other, yet we observed the same pattern of little differentiation

evolutionary studies are rare, principally due to the difficulty to col-

across complex landscapes (Figure 3), also with insignificant differen-

lect samples (but see, e.g., Deiner et al., 2011; Georges et al., 2011;

tiation (pairwise FST = 0.03, Table 2). The “Sandaun” localities in

Lam et al., 2018; Unmack, Allen, & Johnson, 2013; Toussaint et al.,

Papua New Guinea are situated around the central orogeny that are

2014; Oliver, Iannella, Richards, & Lee, 2017; Van Dam et al., 2017).

of Gondwanan origin or directly attached transition towards younger

This lack of information is especially true at the intraspecific level,

rocks that overlie accreted Pacific material, while the “Foja Mts.”

with only a handful of phylogeographic works in the New Guinean

locality in Papua is at the northern foot of an isolated mountain

region (e.g., Bruxaux et al., 2018; Janda et al., 2016; Skale, Tänzler,

range of Pacific origin (430 km apart; Gautier Terrane, see Hill &

Hendrich, & Balke, 2012; Toussaint et al., 2013; Tallowin et al.,

Hall, 2003; Toussaint et al., 2014). The Foja locality (120 m) is a
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F I G U R E 4 Three‐dimensional plots of a principal component analysis based on individual nextRAD genotypes. Individuals are colour‐coded
according to collection locality (see Figure 3), Figures (a–c) according to the clades A–C. Table 3 indicates percentage of variation explained by
the first three axes [Colour figure can be viewed at wileyonlinelibrary.com]
wider lowland stream with fine grey substrate and few sandy

In contrast, we find evidence for a high degree of differentiation

stretches. The stream in Sandaun is a mountain stream (localities

(FST = 0.90173) between the two populations “Ok Sibil” (in clade C)

600–700 m) although the substrate is not reported.

and “Sandaun” (in clade B) although these two localities are only

Thus, our results suggest genetic exchange between highly dis-

about 100 km apart and are both located in the central orogeny (dif-

junct localities within each of these two clades, or putative spe-

ferent watershed, Sandaun north and Ok Sibil south of the central

cies. The limited abiotic data available here do not allow robust

divide; Figure 3). “Ok Sibil” lies on 290 m altitude, on uplifted Gond-

conclusions in how temperature and/or geology contribute to the

wanan rock. Importantly, samples from “Ok Sibil” and the “Weyland

structuring of populations, or, more specifically, isolation between

Mts. 2” far west and north of the central divide make up the sepa-

the clades A and B. However, the lack of significant differentia-

rate clade C in all the analyses, distinct from the other two clades.

tion within clades A and B across high mountain ranges and dif-

Within clade C, “Ok Sibil” and the “Weyland Mts. 2” individuals

ferent stream types indicates a high level of gene flow. Such a

(540 km apart) appear to be isolated from each other (pairwise FST =

pattern has also been documented for the diving beetle Boreonectes aequinoctialis from Arizona, with little increase in differentiation by distance among different sky islands (Phillipsen et al.,
2014).

0.34, Table 2), but it will be necessary to obtain samples from the
area in‐between to draw further conclusions.
For comparison, Hjalmarsson et al. (2014) compared the degree
of population differentiation in Malagasy water beetles. The authors
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found FST <0.15 for their lentic species and >0.43 for the lotic ones.

followed by speciation, as others have suggested (e.g., Ribera et al.,

In two of the three clades in our study (clades A and B), we found

2011; Short & Caterino, 2009; Wilson, 1959, 1961). For instance,

FST Values ≤0.03. Only clade C exhibits level of FST comparable to

the widespread clade B of P. ameliae exhibits little differentiation

those of lotic Malagasy beetles. It is interesting that such diversity

between populations separated by ~300 km, while there are two

of connectivity is found within one complex of closely related river

sympatric species in the P. ameliae complex found in the Weyland

dwelling species. Similar degrees of variation of FST values in lotic

Mts. The lack of differentiation between some distant populations

beetles were otherwise only found by Short and Caterino (2009);

may represent an example of a recent range expansion across the

however, the comparison was made on three species from three dif-

New Guinea landscape (see Toussaint et al., 2013 for an example in

ferent families, and with very different life histories and habitats.

a lentic species). Clearly, knowledge of the temporal dimension cou-

We thus find lineage‐idiosyncratic patterns within the P. ameliae

pled with fine‐scale ecological data will be crucial to gain new

species complex; from insignificant differentiation between popula-

insights into the evolutionary history of population and metapopula-

tions across a broad geographical range (Figure 3, clades A and B),

tion structuring across complex geographical landscapes, such as

to significant differentiation between populations within clade C.

New Guinea.

These differences might be due in part to a range of temporal processes underlying population divergence, in which some populations
are already isolated, while others still show signatures of recent dis-
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