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a b s t r a c t

Pleistocene glacial oscillations have had profound impacts on the historical population dynamics of
extant species. However, the genetic consequences of past climatic changes depend largely on the lati-
tude and topography of the regions in question. This study investigates the effect of Pleistocene glacial
periods and the Central Mountain Range on the phylogeography, historical demography, and phenotypic
differentiation of a montane forest-dwelling stag beetle, Lucanus formosanus (Coleoptera: Lucanidae),
which exhibits extensive mandible variations across mountain ranges in subtropical Taiwan. Analyses
of mitochondrial (cox1) and nuclear (wg) loci reveal that L. formosanus originated nearly 1.6 million years
ago (Mya) in the early Pleistocene period and consisted of geographically overlapping Alishan and Wide-
spread clades. A drastic population expansion starting approximately 0.2 Mya in the Widespread clade
likely resulted from altitudinal range shift of the temperate forests, which was closely tied to the arrival
of the Riss glacial period in the late Middle Pleistocene. A ring-like pattern of historical gene flow among
neighboring populations in the vicinity of the Central Mountain Range indicates that the mountains con-
stitute a strong vicariant barrier to the east–west gene flow of L. formosanus populations. A geographic
cline of decreasing mandible size from central to north and south, and onto southeast of Taiwan is incon-
sistent with the low overall phylogeographic structures. The degree of mandible variation does not cor-
relate with the expected pattern of neutral evolution, indicating that the evolutionary diversification of
this morphological weapon is most likely subject to sexual or natural selection. We hypothesize that
the adaptive evolution of mandibles in L. formosanus is shaped largely by the habitat heterogeneity.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

The climatic oscillations of the Pleistocene have had profound
impacts on the population dynamics and genetic constitution of
extant species (Avise, 2000, 2004; Hewitt, 1996, 2000). The effects
of glacial expansions and contractions on genetic heritage depend
largely on latitude and topography in various parts of the globe
(Hewitt, 2000, 2004). Species in lower latitudes of the temperate
zone often show relatively high genetic diversity because of post-
glacial admixture of lineages from separate refugia. On the other
hand, species in higher latitudes usually show relative low genetic
variation due to rapid postglacial expansion or recolonization
(Brunsfeld et al., 2001; Hewitt, 2004; Weiss and Ferrand, 2006).
A few comparative studies in the tropics have shown greater

genetic diversity and limited demographic expansions in tropical
species compared to their temperate counterparts as a conse-
quence of past climatic oscillations (e.g., Lessa et al., 2003; Wüster
et al., 2005). Despite great advances and emerging patterns in tem-
perate species and a few tropical species, the general effects of
Pleistocene ice ages on the species in the rest of world remain
unknown. This is particularly true for the tropics and subtropics
(Hewitt, 2000, 2004; Beheregaray, 2008).

Taiwan is unique among all subtropical regions because it is the
only sizeable island located immediately north or south of the
tropical zone between the 23rd parallels. Geologically speaking,
Taiwan is a relatively young island that was created by the collision
of the Philippine Sea plate and Eurasian plate beginning around 9
Mya (Sibuet and Hsu, 2004). The island of Taiwan rose above sea
level about 5 Mya in the early Pliocene, with tectonic uplift forces
continuously building its mountain ranges (Huang et al., 2006). The
Central Mountain Range (CMR) of Taiwan reached its present alti-
tude approximately 1 Mya, and now contains more than 200 peaks
exceeding 3000 m (Liu et al., 2000; Sibuet and Hsu, 2004; Huang
et al., 2006). This massive CMR dominates the current landscape
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of Taiwan, which stretches only about 400 km long and 150 km
wide. The CMR transects the island from north to south and leaves
only a small portion of flat plains along the southwest coast. The
topographic complexity and high altitude of the CMR in subtropi-
cal Taiwan is significant because it provides a great variety of alti-
tudinal and climatic habitats, and serves as a physical barrier to
species movement and gene flow among populations. The high
endemism of terrestrial fauna and flora located on mountain tops
and along altitudinal gradients implies that the CMR play a central
role in the divergence and speciation of Taiwan’s species (Yu, 1994;
Hsieh, 2002).

Though the expanding ice sheets of recent ice ages never
reached Taiwan, the remarkable climatic changes of the Pleisto-
cene have shaped the population dynamics of the island’s species
(Hwang et al., 2003; Cheng et al., 2005; Chen et al., 2006; Lin
et al., 2008). During the cool climate of the Pleistocene glacial peri-
ods, subtropical montane species in the mid- to higher altitudes of
Taiwan descended and expanded to lower elevations following the
altitudinal range shifts of temperate forests (Tsukada, 1966, 1967;
Liew and Chung, 2001). As the climate became warmer during
interglacial periods, a reverse sequence of events occurred, with
montane species in the lowlands retreating to higher altitudes fol-
lowing the range contractions of temperate forests. As a result, the
extant montane species in higher altitudes of Taiwan experienced
repeated demographic and spatial expansions in recent Pleistocene
glacial periods, and survived subsequent climatic oscillations in the
same region. This study examines the phylogeography and popula-
tion genetic structure of a polyphenic stag beetle, Lucanus formos-
anus Planet, 1899 (family Lucanidae), a montane forest-dwelling
insect whose distribution covers most of the mountain ranges in
Taiwan, to test the predictions derived from the Pleistocene expan-
sion hypothesis. This study also investigates the effects of CMR on
the genetic structure of L. formosanus.

Lucanus formosanus is one of the 23 lucanid species endemic to
subtropical Taiwan, and inhabits broadleaf deciduous forests at
elevations of 500 to 1600 m (Chang, 2006). Like most stag beetles,
L. formosanus males have greatly enlarged, curved mandibles. They
use these mandible weapons in combat with male opponents over
access to feeding sites, such as tree sap locations frequently visited
by females (Fig. 1A–D) (Tatsuta et al., 2001, 2004; Harvey and
Gange, 2006; Kodric-Brown et al., 2006). Although the size and
shape of the mandible and clypeus are often diagnostic for
L. formosanus, populations in different mountains exhibit three
major morphs (Wang, 1987, 1990, 1994) (Fig. 1B–D): (1) the
Northern morph, with a median size mandible and a Y-shaped
clypeus, (2) the Central morph, exhibiting the largest mandible
and a highly developed Y-shaped clypeus, and (3) the Southern
morph, having a shorter mandible and poorly developed clypeus.
The presence of extensive geographical variations in mandible
forms raises the questions of whether or not L. formosanus from
different mountain ranges display discrete phenotypic or genetic
subdivisions. A phylogeographically structured L. formosanus
would be consistent with the hypothesis that the CMR has been
a strong vicariant barrier affecting lineage diversification in
Taiwan.

This study first quantifies the level of morphological differenti-
ation in L. formosanus, and determines if populations from different
mountain ranges exhibit distinct phenotypic subdivisions or if
mandible variation is continuous and clinal in nature. Secondly,
this study infers the phylogeography, population genetic structure,
and historical demography of L. formosanus using DNA sequences
from both mitochondrial and nuclear loci. We predict that the
montane forest-dwelling L. formosanus that experienced Pleisto-
cene glacial expansion events over its present subtropical moun-
tain ranges would exhibit several characteristics: (1) a shallow
phylogeny and little population subdivision, (2) a unimodal

mismatch distribution of pairwise nucleotide differences, indicat-
ing a sudden demographic expansion, (3) a rapid increase in esti-
mated effective population sizes over time, with the onset of
historical population growth temporally coupled with major gla-
cial periods, (4) low historical gene flow between the eastern and
western CMR populations compared to the relatively higher gene
exchange among populations on each side of the CMR. Finally, this
study discusses the evolutionary diversification of polyphenic
mandibles in L. formosanus using reconstructed phylogeography
and demographic history.

2. Material and methods

2.1. L. formosanus and population sampling

L. formosanus adults emerge mostly between June and Septem-
ber to feed on saps of the Griffith ash, Fraxinus griffithii (Oleaceae)
and Ring-cupped oak, Cyclobalanopsis glauca (Fagaceae). They usu-
ally fly up to the canopy of forests during the daytime hours and
are attracted to artificial lights in the evening (Chang, 2006). A total
of 52 L. formosanus from 25 localities around Taiwan were col-
lected and assigned to seven mountain ranges (Fig. 1F; Supplemen-
tary data), including Shueshan (SS, which is located within the
range north of the Tachia river and west of the Lanyang river),
West Central Mountain Range (WCMR, including mountains west
of the Central Mountain Range, CMR and separated from Yushan
and Alishan mountain ranges by Choushui and Laonung rivers),
South Central Mountain Range (SCMR, including LC population lo-
cated near the southern tip of CMR and nearby populations, i.e., LC
and LY), East Central Mountain Range (ECMR, including two indi-
viduals from JS), Coastal Range (CR, an isolated mountain chain lo-
cated at eastern Taiwan), Yushan (YS, the highest mountain range
surrounded by Choushui, Chishan, and Laonung rivers, i.e. JL), and
Alishan (ALS, which constitutes a mountain range south of the
Choushui river and west of the Chishan river). These insect speci-
mens were kept in 95% EtOH and a �20 freezer. The vouchers were
stored in �80 �C freezers located at the insect collection of Tunghai
University. The specimen of the outgroup taxon, L. hermani DeLisle,
1973 of China, was obtained from a commercial insect supplier
(http://www.insect-sale.com). L. hermani is among the closest re-
lated Lucanus species of L. formosanus. A recent molecular phylog-
eny of endemic Taiwanese Lucanus species suggested their sister
relationship (Lin et al., 2009).

2.2. DNA extraction and sequencing

Genomic DNAs of L. formosanus and outgroup species were
extracted from the beetle’s thoracic muscle using MasterPure™
DNA Purification Kit (EPICENTRE� Biotechnologies, Madison, WI).
A fragment of approximately 1300 bps of mitochondrial cox1 (cyto-
chrome oxidase I subunit) gene was amplified using a Lucanus-spe-
cific primer set (Lucanus-COI-J-1751, 50-GAGCTCCTGATATAG
CTTTTCC-30 and Lucanus-TL2-N-3014, 50-CCAATGCACTAATCTGC
CATATTA-30) (Lin et al., 2009). In addition, a nuclear wg (wingless)
gene of about 500 bps was amplified for most specimens using a
primer set of wg1a and wg2a (Brower and DeSalle, 1998). Wg frag-
ments of remaining specimens were amplified using wg1a and a
newly developed Lucanus-specific primer, Lucanus-wg2a (50-
TTGCACCTTTCGACGATGGCGATCTC-30) (Lin et al., 2009). The PCR
profile was as following: (1) an initial denaturation at 94 �C for
one minute, (2) followed by 35 cycles of denaturation at 94 �C
for one minutes, annealing at 55 �C for one minute, and an exten-
sion at 72 �C for one minute, and (3) a final extension step at 72 �C
for ten minutes. The annealing temperature for wg was 55 to 60 �C.
The 50 ll PCR reactions contained 1 ll of genomic DNA, 21.75 ll of
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ddH2O, 10 ll of 1 mM dNTP, 10 ll of 5 � GoTaq colorless buffer,
5 ll of 25 mM MgCl2, and 0.25 ll of 5u/ll GoTaq (Promega, Madi-
son, WI, USA). The PCR products of wg amplifications were pooled
from five smaller 10 ll reactions. The successfully amplified PCR
products were gel-purified and extracted using Gel/PCR DNA Frag-
ments Extraction Kit (Geneaid, Taipei, Taiwan), and then cloned
into competent cells (DH-5a) (Protech, Taipei, Taiwan) using T&A
cloning kit (RBC, Taipei, Taiwan). DNA sequencing was performed

on an ABI PRISM™ 377 automatic sequencer (Perkin Elmer, USA)
by the Mission Biotech, Taiwan.

2.3. Neutrality of sequence evolution

DNA sequences were aligned using Clustal W method in
MegAlign (DNASTAR, Madison, USA). The aligned cox1 and wg se-
quences were translated into amino acid sequences in MacClade

Fig. 1. (A) Measurements of seven body parts used for morphological analyses of L. formosanus. A, B, and C, lengths of three sections of mandible; CL, clypeal length; CW,
clypeal width; HD, head width; TW, thorax width. (B) Northern, (C) Central, and (D) Southern morphs of male L. formosanus. (E) A female of L. formosanus. (F) Sampling sites
and their corresponding mountain ranges. SS, Shueshan Mountain range; WCMR, Western Central Mountain Range; ALS, Alishan Mountain Range; YS, Yushan Mountain
Range; SCMR, Southeastern Central Mountain Range; CR, Coastal Range. Names of abbreviation of sampling sites are listed in Supplementary data.
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(v. 4.06, Maddison and Maddison, 2000) using the mitochondrial
genetic code of the Drosophila and a universal genetic code of nu-
clear genes respectively to confirm codon assignment and possible
stop codons caused by ambiguous sequencing. We used McDonald
Kreitman Test (MKT) implemented in DnaSP (v. 4.0, Rozas et al.,
2003) to detect the signature of natural selection at cox1 and wg
by comparing proportions of synonymous and nonsynonymous
substitution within vs. between populations. The significance of
deviations on the ratio of replacement to synonymous substitu-
tions was determined by two-tailed Fisher’s exact tests. Neutral
evolution of the two genes was further assessed using a codeml
module of PAML (v. 4, Yang, 2007). For cox1, all sites were included
in the analysis except for one stop codon (TAA) and tRNA-Leu re-
gion. The nonsynonymous versus synonymous substitution ratio
(x: dN/dS) was first calculated under model 0 (no site rate hetero-
geneity) with likelihood tree topologies obtained from the phylo-
genetic analyses. We then calculated the likelihood values of six
site-specific models, and the Likelihood Ratio Tests (LRT) were
used to detect the significance between nested models using chi-
square statistics. These nested models were: (1) model 0 versus
model 3, which was used to test for site rate heterogeneity of ami-
no acid sequences, (2) model 1 versus model 2, testing for neutral-
ity versus selection, and (3) model 7 versus model 8, which was
further used to test for positive selection.

2.4. Phylogenetic analyses

We conducted maximum parsimony (MP) analyses using the
parsimony ratchet procedure (Nixon, 1999) implemented in PAU-
PRat (Sikes and Lewis, 2001) and PAUP* (v. 4.0b10, Swofford,
1998) to search for the most parsimonious trees. Parsimony branch
supports were calculated using non-parametric bootstrapping with
1000 iterations, each with 10 stepwise random sequence additions
and the tree-bisection and reconnection (TBR) branch swapping.
For maximum likelihood (ML) and Bayesian analyses, the best-fit-
ted nucleotide substitution models for each gene were determined
separately in MODELTEST (v. 3.7, Posada and Crandall, 1998) using
Bayesian Information Criterion (BIC). Parameter values derived
from the best-fitted model were subsequently used in likelihood
analyses. We calculated likelihood scores of all obtained MP tree
topologies under the best-fitted substitution models, and then
used the tree topology with the highest likelihood score as a start-
ing tree in heuristic ML tree searches. The heuristic ML search pro-
cedures were repeated four times until the likelihood scores were
in a stasis. ML branch supports were calculated with 100 bootstrap
replications with neighbor-joining (NJ) starting trees and TBR
branch swapping. Bayesian posterior probabilities (BPP) of the
trees were calculated using MrBayes (v. 3.1.2, Huelsenbeck and
Ronquist, 2001). Two independent Bayesian analyses with random
starting trees were run. In each analysis, two independent runs
were performed simultaneously with each run containing four
Markov Chains. MCMC searches were performed for 3 � 106 gener-
ations with Markov chains being sampled for every 100 iteration.
MCMC searches were terminated after the average split frequen-
cies of two runs falling below the value of 0.01, and the conver-
gence diagnostic potential scale reduction factor reaching 1
indicating the convergence of separate runs (Gelman and Rubin,
1992). The initial 7500 MCMC samples were discarded as burn-
in. The remaining trees (22,500) were imported into PAUP* to
compute a 50% majority rule tree with the percentage of trees
recovering the node representing the node’s posterior probability.

2.5. Phylogeographic and population genetic analyses

Nested clade phylogeographic analysis (NCPA, Templeton et al.,
1995; Templeton, 2008, 2009) was used to investigate the associa-

tion between population divergence, geographic distances, and
historical events. The haplotype network with 95% confidence
intervals was reconstructed using TCS (v. 1.21, Clement et al.,
2000). This parsimony network was nested according to the rules
of Templeton et al. (1992) and used in GeoDis (v. 2.5, Posada
et al., 2000) to calculate clade distance (Dc) and nested clade
distance (Dn). When significant values of Dc or Dn were detected,
the revised inference key (Templeton, 2004) was used to
discriminate historical effects of restricted gene flow, past
fragmentation, and range expansion. Haplotype diversity (h),
nucleotide diversity (p), population differentiation (FST), and the
effective gene flow (Nm) of populations were estimated using
DnaSP. The significance of genetic differentiation among popula-
tions was assessed using Hudson’s nearest neighbor statistics
(SNN) with 1000 permutations in DnaSP. SNN will be close to 1 if
populations were strongly structured, or 1/7 if populations
were completely unstructured (Hudson, 2000). Analysis of
Molecular Variance (AMOVA) was conducted in ARLEQUIN (v.
3.01, Excoffier et al., 2005) with 10,000 permutations to assess
the degree of genetic divergence among mountain ranges (UCT),
within mountain ranges among populations (USC), and within
populations (UST).

2.6. Historical demography, gene flow, and divergence times

The demographic history of L. formosanus was inferred based on
cox1 using the mismatch distribution with 1000 bootstrap replica-
tions in ARLEQUIN. The goodness of fit between the observed and
expected distributions of demographic models, including sudden
expansion and spatial expansion with constant deme was calcu-
lated using Sum of Square Deviations (SSD). The Harpending’s
Raggedness Index (r) was calculated to evaluate the roughness of
the observed curves, in which a smaller r represents a smoother
curve (Rogers and Harpending, 1992). The significance of r was
calculated using a null distribution simulated from 1000 permuta-
tions in ARLEQUIN. The past population dynamics of L. formosanus
through time was further estimated using a coalescent-based
Bayesian Skyline Plot without the assumption of particular demo-
graphic models (Drummond et al., 2005). The posterior probability
distribution of effective population sizes (Nes) and Time to the
Most Recent Common Ancestor (Tmrca) were estimated in BEAST
(v. 1.4.8, Drummond and Rambaut, 2007) using the best-fitted
model of nucleotide substitution and their parameter values as pri-
ors. Bayesian Skyline Plot analyses were done separately using
haplotypes found only in the Widespread and Alishan lineage
(Fig. 2A). Nucleotide substitution rate of cox1 was set to the aver-
age value commonly found in arthropods (1.15% divergence/lin-
eages/million years; Brower, 1994; Balke et al., 2009; Pons et al.,
2010; Ribera et al., 2010) with a strict molecular clock. The group
size of Bayesian Skyline Plot was set to 10 and four respectively
for the Widespread and Alishan lineages identified in network
analyses. MCMC samplings were run for 1 � 108 generations with
parameters sampled for every 1 � 104 generation. The initial 10%
of the run was discarded as burn-in. Each analysis was repeated
multiple times to optimize the scale factors until no suggestion
message appeared on the log file. The Effective Sample Size (ESS)
for the posterior distribution of estimated parameter values
was determined using Tracer (v. 1.4, Rambaut and Drummond,
2007).

The level of gene flow among populations was estimated as
ancestral migration using Bayesian coalescent-based LAMARC
(v. 2.1.3, Kuhner, 2006). We estimated the population genetic
parameters of effective population size (h) and immigration (M)
with the assumption of both populations and migration are at
equilibrium. The immigration parameter M was considered as
Nm for cox1 and 4Nm for wg, which were obtained by multiplying
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the migration rate M and h of recipient population (h = Nl for
mitochondrial genes, and h = 4Nl for nuclear genes; M = m/l,
where m is the immigration rate per generation and l is the neu-
tral mutation rate per site per generation). Multiple short MCMC
runs were done prior to the final analysis to obtain the optimal
sampling strategy for the analysis. The analysis was conducted
using a initial 3 � 103 generations of sampling Markov chains
with genealogies sampled for every 20 steps and the first 1000
sampled genealogies discarded. The final LAMARC analysis was
then followed by a 1 � 105 final sampling chain with the first
1 � 104 samples discarded as burnin and genealogies sampled
for every 50 step. The Metropolis-coupled Markov chain Monte
Carlo (MC)3 was used to repeat sampling chains with different
starting genealogies and parameter space. The automatic chain
temperature adjustment and the chain heating were turned on
with four MCMC chains searching simultaneously. Cox1 was as-
sumed to have no recombination, whereas the recombination rate
parameter, r (r = q/l; where q is the recombination rate per inter-
site link per generation) was estimated for wg (l = 1 as default
setting). The population growth rate parameter, g (where
ht ¼ h�gt

modern) was calculated to exam whether L. formosanus under-
went exponential growth in the past. The population growth or
decline was significant if the 95% confidence interval of g did
not include zero. The posterior probability densities and ESSs

for these estimated population parameters were calculated in
Tracer.

2.7. Morphological measurements and variation among populations

We obtained mandible and clypeal measurements of 50 male L.
formosanus from field collected beetles and specimens in the mu-
seum and personal collections (Supplementary data). Measure-
ments of the seven morphological traits were recorded with a
digital caliper (±0.01 mm) (SV-03, E-BASE) (Fig. 1A). Because of
substantial size variation among individuals (Chang, 2006, per-
sonal observation), we divided all six mandible and clypeal trait
measurements by values of the thorax width (TW, a proxy for body
size) to control allometric effect of overall size variation. The
Euclidean distance matrix of the standardized trait values among
specimens was calculated in PRIMER (v. 5, Clarke and Warwick,
2001). The similarity matrices of the morphological traits were
then used to construct the Multi-Dimensional Scaling (MDS) plot.
Analysis of Similarity (ANOSIM) was used to detect the significant
level of differentiation among six mountain ranges using 1 � 106

random permutations in PRIMER. Once the significant level of pop-
ulation differentiation was detected, the Similarity Percentage
(SIMPER) was used to quantify the relative contribution made by
each morphological trait.

Fig. 2. The ML phylogeny of L. formosanus resulted from the Bayesian phylogenetic analyses based on (A) cox1 and (B) wg genes. Numbers near the nodes are support values of
parsimony bootstrap (left), likelihood bootstrap (center), and Bayesian posterior probability (right). Nodes without support values are those have values below 50%.
Haplotypes of the Alishan region are labeled as bold.
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2.8. Tests for isolation by distance and comparison of morphological
and genetic divergence

We assessed whether the morphological and molecular similar-
ity are associated with geographic distance using the Mantel test
implemented in Isolation By Distance, IBD (v. 3.15, Jensen et al.,
2005). Pairwise geographic distances between populations of dif-
ferent mountain ranges were calculated using the GPS coordinates
of the localities at the center of populations (i.e., LLS for SS, LS for
WCMR, HYG for ALS, JL for YS, TC for SCMR, JS for ECMR, and HS
for CR) (Supplementary data). Geographic distances for popula-
tions from either side of the CMR were estimated by summing
the distances connecting the populations through SS (e.g., DISALS-

CR = DISALS-SS + DISSS-CR). The mean values of mandible and clypeus
traits within the same mountain range were used to calculate the
pairwise Euclidean distance in PRIMER. The pairwise FST values of
cox1 between populations were calculated in IBD and used as a
surrogate for genetic distances. Partial mantel tests (Legendre
and Legendre, 1998) were performed to investigate if morpholog-
ical distance is a function of genetic distance while controlling
for the effect of geographical distance. Significance in the Mantel
and partial Mantel tests were evaluated against a null distribution
generated by 10,000 randomizations of distance matrices. Reduced
Major Axis (RMA) regression was used to estimate the slope and
intercept of the relationships, with their confidence limits evalu-
ated by 10,000 boostrapping replicates over independent popula-
tion pairs.

3. Results

3.1. Neutrality of cox1 and wg

A total of 1304 bps of cox1 and 461 bps of wg sequences were
obtained for L. formosanus, and the DNA sequence alignment con-
tained no indels. MKTs showed no signs of any selection in either
genes. No fixed nonsynonymous substitutions were found in L. for-
mosanus populations. Three fixed synonymous substitutions were
inferred between ALS and YS populations, but the ratio of replace-
ment to synonymous substitutions did not significantly deviate
from that of neutral expectation (Fisher’s exact test, p = 0.49). None
of the LRTs of the nested likelihood model comparisons were sig-
nificant except for M0 vs. M3 in wg (v2 = 9.7, p = 0.046), where a
significantly higher likelihood value was obtained for M0. This sug-
gests no amino acid rate heterogeneity among wg sites. The esti-
mated x ratios of both genes were much smaller than 1 (0.046
for cox1 and 0.034 for wg), indicating that the models based on
selection or positive selection did not fit the data significantly bet-
ter than models of neutral evolution. Therefore, the possibility of
neutral evolution of the nucleotide sites at cox1 and wg of L. for-
mosanus cannot be rejected.

3.2. Phylogenetic and phylogeographic analyses

The cox1 and wg sequences in this study contained 80 and 18
parsimony informative sites, respectively. The topologies of the
200 most parsimonious trees retained from ratchet analyses of
the two genes (291 steps for cox1 and 63 steps for wg) were com-
parable to the topologies of the likelihood trees. K81uf + C
(lnL = �3533.694) and TrN + C (lnL = �1039.861) were selected
as the best-fitting models of sequence evolution for the cox1 and
wg genes, respectively. The reconstructed ML phylogeny of cox1
(lnL = –3527.583) revealed two geographically overlapping haplo-
type lineages. The first was distributed in the vicinity of the Alishan
Mountain in southwestern Taiwan (Alishan clade), while the other
was widely spread across the island (Widespread clade) (Fig. 2A).

Two Alishan haplotypes (HYG1 & HYG2) were found in the
Widespread clade, and one WCMR haplotype (LS3) was clustered
within the Alishan clade. There was a distinct XD1 haplotype with
a particularly long branch length in the Widespread clade. In the
ML phylogeny of wg (lnL = –1024.298), populations of L. formos-
anus show little phylogenetic substructuring with respect to their
geographic distribution (Fig. 2B). Nevertheless, wg tree showed a
close relationship among Alishan haplotypes (ALS1, ALS3 &
HYG2) as compared to cox1 tree. Because the phylogenetic rela-
tionships within the Widespread clade are little resolved and do
not have strong supports, our interpretation of genealogical rela-
tionships among populations is mainly based on the results of
the network analyses.

A total of 49 and 32 unique haplotypes of cox1 and wg, respec-
tively, were found in L. formosanus populations. Not all haplotypes
were connected with 95% probability in the parsimony networks
(Fig. 3). Haplotypes separated by up to 13 (cox1) and seven (wg)
mutational steps were connected into a single network with great-
er than 95% probabilities. One cox1 network was separated by
more than 29 mutational steps (4-3 Alishan clade). In congruence
with phylogenetic reconstruction, the cox1 network was mainly
partitioned into the Alishan (clade 4-3) and Widespread lineage
(clade 4-1 + 4-2) (Fig. 3A). Statistically significant Dn and/or Dc

were detected at the clade levels 5-1 and total network (Table 1).
The total cox1 network was inferred to be a result of allopatric frag-
mentation, with the Alishan lineage separated from the Wide-
spread lineage by many mutational steps. The widespread clade
5-1 was subdivided into the Western (clade 4-1) and Southeastern
lineage (clade 4-2), with their geographic associations inferred to
be a pattern of past fragmentation or long distance colonization.
Within the Western lineage, the Central and Northern lineage
(clade 3-1) was inferred to be an interior clade, with the most
ancestral (center) haplotypes belonging to WCMR (clade 1-1,
CC2, WS1, SY1, SY2, SG1 and AWT1). The majority of the more de-
rived (tip) haplotypes of clades 1-2, 2-1 and 2-2 in the Central and
Northern lineage were from SS, except for a few with ECMR, YS,
and ALS origins. The Central and Northern lineage was connected
to two networks, the Northern (clade 3-2) lineage was found lar-
gely near SS, and the Eastern and Southern (clade 3-3) was primar-
ily located near SCMR and CR. The Eastern and Southern lineage
was further connected to the more exterior Taitung lineage (clade
3-4) located at SCMR. NCPA of wg haplotypes suggested a pattern
of restricted gene flow with isolation by distance (Table 1). Here,
statistically significant associations were detected at clade levels
2-4, 3-3, and the total cladogram (Fig. 3B). Despite the lack of a
clear phylogeographic structure, the wg network suggested that
the most ancestral haplotypes (ALS1, CC2 and HYG2 of clade 2-2;
CC1, HYG1, and SG1 of clade 1-1) within the interior clade 3-2
and the exterior clade 3-1 were those located in WCMR and ALS.
The more derived haplotypes within the clade 3-2 were from SS
and SCMR, whereas the majority of the derived haplotypes in the
more exterior clades 3-1 and 3-3 were those found at SS, SCMR,
and CR.

3.3. Population genetics analyses

Haplotype diversities (h) were high, ranging from 0.952 to 1 in
cox1 and 0.9 to 1 in wg (Table 2). Nucleotide diversities (p) were
relatively low, ranging from 0.006 to 0.038 in cox1 and 0.002 to
0.011 in wg. SNN was estimated to be 0.58 (p < 0.0001) and 0.33
(p = 0.036) for cox1 and wg, respectively, indicating substantial ge-
netic differentiation among populations. AMOVA revealed mar-
ginal and significant cox1 and wg genetic differentiation among
mountain ranges (UCT = 0.008, 0.035; p = 0.088, 0.019) (Table 3).
However, no significant genetic differentiation was detected
within populations or among populations within mountain ranges.
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Tajima’s Ds. of the Widespread lineage of cox1 and all populations
of wg were negative and significantly different from 0 (D = �2.509
and �2.118, respectively). For the Alishan lineage of cox1, Tajima’s
D was negative but not significantly different from 0 (D = �0.458).
The values of Fu’s FS for the Widespread lineage of cox1 and all

populations of wg were also negative and significantly different
from 0 (FS = �24.845 and –25.311, respectively). The Alishan line-
age of cox1 had a negative Fu’s FS value, but not significantly differ-
ent from 0 (FS = �0.230). Both Tajima’s D and Fu’s FS were negative
for the Widespread lineage of cox1, suggesting a recent population
expansion.

3.4. Historical demography, divergence times, and gene flow

The mismatch distribution of the Widespread lineage of cox1
exhibited a smooth curve with a single peak, which was not signifi-
cantly different from that of a sudden expansion model (Fig. 4A).
However, the distribution of the Alishan lineage had multiple
peaks, indicating a stable population through time (Fig. 4B). The

Fig. 3. Parsimony networks for (A) cox1 and (B) wg haplotypes numbered by sampling sites (Supplementary data). Black dots on the network branches represent hypothetical
and unobserved intermediate haplotypes. Solid branches connect haplotypes differed by one mutational step. Heavy lines encompass phylogroups where the haplotypes are
connected with 95% probability. Dashes connect phylogroups and haplotypes that differ by a large number of mutational steps. The grey area contains inferred ancestral
haplotypes.

Table 1
The chains of inferences for L. formosanus haplotype clades with significant geographic associations detected in the NCPA.

Gene Clades v2 p value Chain of inference Inference

cox1 5-1 39.95 <0.001 1-2-3-5-15-NO Past fragmentation and/or long distance colonization
Total 47.10 <0.001 1-2-3-4-9-NO Allopatric fragmentation

wg 2-4 41.33 0.288 1-2-3-4-NO Restricted gene flow with isolation by distance
3-3 56.01 0.006 1-2-3-4-NO Restricted gene flow with isolation by distance
Total 45.82 0.205 1-2-3-4-NO Restricted gene flow with isolation by distance

Table 2
Genetic diversity of L. formosanus populations calculated in DnaSP.

Gene All SS WCMR YS ALS ECMR SCMR CR

cox1 h 0.995 0.996 0.952 1 1 1 1 1
p 0.012 0.006 0.010 0.038 0.025 0.007 0.006 0.010

wg h 0.979 0.961 0.953 1 0.9 1 0.978 1
p 0.010 0.011 0.007 0.002 0.007 0.002 0.010 0.009
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Bayesian skyline plot of the Widespread lineage with 95% HPD
(Fig. 4C) demonstrated that populations had undergone a major
sudden population growth starting approximately 0.2 Mya, with
an estimated effective population size of 0.31 (95% HPD of
Nes = 0.07–4.84). After this period, the population grew rapidly
with a more than 100-fold increase, reaching a size of 34.25 (95%
HPD of Nes = 10.41–225.23) by the end of Würm period around
0.012 Mya. On the contrary, the flat curve of the Bayesian skyline
plot in Alishan lineage indicated a constant population size from
3.42 to 3.90 over the past 0.5 million years (95% HPD of Nes ranging
from 0.33–97.72 to 0.74–100.81). Tmrca of cox1 for all L. formosanus
haplotypes was estimated at about 1.6 Mya in the early Pleistocene
(Fig. 2A) (mean = 1.616 Mya, 95% CI = 1.191–2.073 Mya,
ESS = 1.8 � 104). Tmrca for the Widespread lineage was estimated
to be close to 0.7 Mya (mean = 0.735 Mya, 95% CI = 0.463–1.027
Mya, ESS = 1.3 � 104). The estimated Tmrca of the Alishan lineage
was at about 0.5 Mya (mean = 0.478 Mya, 95% CI = 0.112–0.960
Mya, ESS = 6573).

The recombination rate (r) of nuclear wg was estimated to be
1.8 (95% CI = 0.494–3.124), which indicates that recombination in
wg is about 1.8 times more likely to occur than mutation. The over-
all level of gene flow estimated as the past number of immigrants
(Nm) in L. formosanus was comparable for cox1 and wg when indi-
viduals were assigned into 25 populations. The estimated Nm for
cox1 increased threefold when individuals were assigned into the
seven major mountain ranges. LAMARC-estimated Nm showed a
pattern of non-symmetrical gene flow among populations
(Fig. 5). The levels of gene flow were relatively low or nonexistent
between populations located at either side of CMR compared to
that on either side. Nevertheless, populations separated by CMR
were genetically connected primarily through SS in northern Tai-
wan and SCMR in southern Taiwan. Within Western Taiwan,
WCMR populations exhibited a greater amount of migration into
neighboring populations than vice versa, suggesting that they
functioned as a historical gene pool source. ALS, on the other hand,
received large numbers of immigrants from WCMR and exchanged

Table 3
AMOVA of L. formosanus populations.

Gene Source of variation d.f. SS % variation U p value

cox1 Among mountain ranges 6 3.071 0.78 0.008 0.088
Among populations within mountain ranges 18 8.814 �1.08 �0.011 0.058
Within populations 27 13.5 100.29 �0.003 0.198

wg Among mountain ranges 6 3.298 3.53 0.035 0.019
Among populations within mountain ranges 14 6.390 �3.70 �0.038 0.559
Within populations 25 12.333 100.17 �0.002 0.494

Fig. 4. Mismatch distributions of the pairwise nucleotide divergence of the (A) Widespread and (B) Alishan clade of cox1 gene. The Widespread clade fits well with the
expected model of a sudden demographic expansion (SSD = 0.00089784, p = 0.844; r = 0.0050895, p = 0.854; s = 6.208; h0 = 1.964, h1 = 76.777), whereas the Alishan clade
shows a constant population through time (SSD = 0.04044936, p = 0.668; r = 0.0711111, p = 0.918; s = 19.119; h0 = 1.085, h1 = 88.023). (C) Bayesian skyline plots of the
Widespread (above) and Alishan (below) clade. The center diagram shows the level of atmospheric CO2 (Gibbard and van Kolfschoten, 2004) during the past 0.45 Mys, and
numbers refers to the corresponding marine isotope stages. The shaded areas are the inferred glacial periods.
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nearly equal migration with YS. Within the Eastern Taiwan, the
populations of three mountain ranges had approximately equal
migration to each other. A major difference in the gene flow pat-
tern between cox1 and wg is that in wg the SS populations contrib-
uted more immigrants to WCMR and ALS. Overall, historical gene
flows were greater among neighboring populations than distant
populations, indicating a pattern of isolation by distance with rare
long distance dispersal. Significantly positive values of g were de-
tected for populations of ALS, SS, and SCMR (Fig. 5), providing evi-
dence for historical exponential growth in these populations.

3.5. Morphological differentiation and relationships among
morphology, genetic divergence, and geographic distance

Statistically significant morphological differentiations were
found among five mountain ranges (Table 4). Mandible character

A and B together made the greatest contributions to overall mor-
phological differentiation. Pairwise comparisons of morphological
variation were significant between most populations located with-
in Western (SS, WCMR, ALS) and Eastern Taiwan (CR, SCMR). Pop-
ulations of SS with intermediate mandibles displayed the greatest
morphological variability in the MDS configuration, and their man-
dible morphospace overlapped with that of populations from

Fig. 5. Historical gene flows of L. formosanus populations estimated using LAMARC. Thickness of arrows represents the relative intensity of gene flow. Numbers near the
arrows are inferred effective immigrants per generation of recipient populations. Significantly positive g (population growth parameter) was shown as a plus sign under the
name of the mountain ranges (cox1/wg). Images of L. formosanus are redrawn by courtesy of F-L. Yang.

Table 4
Morphological differentiation between L. formosanus populations.

Mountain range R Statistics p value 1st Char. (%) 2nd Char. (%)

ALS vs. SCMR 0.644 0.008 B (34.61) A (20.34)
ALS vs. CR 0.124 0.048 B (33.33) A (20.57)
SS vs. CR 0.494 0.009 B (31.44) A (24.04)
WCMR vs. SCMR 0.516 0.001 B (34.48) A (20.26)
WCMR vs. CR 0.810 0.007 B (34.74) A (20.83)
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WCMR + ALS with largest mandibles and SCMR + CR with the
smallest mandibles (Fig. 6). There was a detectable trend toward
decreasing mandible size across populations from Central to
Northern Taiwan, and then onto the southeastern part of the is-
land. Mantel tests measuring the level of correlation between mor-
phological differentiations (Euclidean distances) and geographic
distances (km) were significant (r = 0.547, p = 0.049;
slope = 0.0017, 95% CI = 0.0001–0.0026) (Fig. 7A). Genetic differen-
tiations (FST) between populations were also significantly corre-
lated with the geographic distances between populations
(r = 0.484, p = 0.013; slope = 0.0014, 95% CI = 0.0001–0.0020). After
controlling the geographic distance as an indicator variable in par-
tial Mantel tests, the pairwise plots of morphological differentia-
tions and genetic distances showed no significant relationship
(partial r = 0.129, p = 0.3642) (Fig. 7B).

4. Discussion

4.1. Discordance between mitochondrial and nuclear data set

This study indicates that the mitochondrial cox1 and nuclear wg
gene trees of L. formosanus were not fully congruent (Fig. 2). One of
the major discrepancies between the two gene trees is that the
mitochondrial haplotypes, HYG1 and HYG2 do not cluster with
the deeply separated Alishan clade, although in the nuclear data
set they appear close to Alishan haplotypes. The mitochondrial
haplotype LS3 is located within the Alishan clade, whereas in nu-
clear reconstructions it does not cluster with the Alishan haplo-
types. Despite problems associated with gene tree/species tree
incongruence, such results suggest a possible mitochondrial intro-
gression or incomplete sorting of lineages in the ancestral poly-
morphism of these two markers. In the cox1 trees, the highly
distinct haplotype XD1 has an exceptionally long branch length
(Fig. 2A), suggesting that it is either a highly derived haplotype
or its phylogenetic position has been incorrectly inferred.

The NCPA of mitochondrial cox1 and nuclear wg genes also re-
sulted in different historical inferences. Allopatric fragmentation
and long distance colonization were inferred for cox1, whereas
the wg data set suggested a pattern of restricted gene flow and iso-
lation by distance. Such incongruent inferences can be expected
because more profound geographic structures are often observed

in mitochondrial genes, which in general show a higher substitu-
tion rate and smaller population size than nuclear loci (Avise,
2000; Hare, 2001). Differential dispersal by females and males
can also affect the relative degree of phylogeographical structure
in mitochondrial and nuclear markers. When males disperse regu-
larly and females are philopatric, maternally inherited markers
should have higher levels of population differentiation than bi-
parentally inherited markers. For example, males of the European
stag beetles, L. cervus have approximately three times the dispersal
ability over that of the more philopatric females (Rink and Sinsch,
2007). Therefore, the congeneric L. formosanus with a similar life
history is also expected to show male-biased dispersal, and there-
fore higher levels of genetic differentiation among mitochondrial
genes than nuclear loci.

4.2. Population history and late Middle Pleistocene expansion

Based on cox1 gene, this study indicates that L. formosanus orig-
inated around 1.6 Mya in the Calabrian stage of the early Pleisto-
cene period. The ancestral L. formosanus most likely reached
Taiwan through emerging land bridges connecting the Asian conti-
nent during periodical glaciations when sea levels in the Taiwan
Strait were low (Huang et al., 2001). Present L. formosanus popula-
tions consist of two geographically overlapping haplotype lineages,
Alishan and Widespread clades, which are separated by large genet-
ic distances. The deep phylogenetic split between these two largely
allopatric lineages may either reflect the accumulation of de novo
mutations after population separation, or the effects of lineage sort-
ing due to a polymorphic ancestral lineage. Nevertheless, the pres-
ence of considerable difference between estimated Tmrca of the
Alishan and Widespread clades (0.5 vs. 0.7 Mya) and high genetic
diversity among these populations imply that extant L. formosanus
in Taiwan likely originated from two separate refugia. This interpre-
tation is consistent with the findings that Alishan Mountain is geo-
logically younger and confined to a much smaller area than Yushan
Mountain and the CMR, where the more ancient Widespread clade
originated. Within the Widespread clade, the ancestral haplotypes
in the Central lineages subsequently diverged into the more derived
haplotypes of the Northern and Southeast lineages.

This study provides the first clear genetic evidence that
the Widespread clade of L. formosanus experienced a drastic

Fig. 6. MDS plot for the morphological measurements of L. formosanus populations (global R = 0.162, p = 0.006). Numbers by the mountain range symbols are standardized
average population values of the mandible length divided by the body width [(A + B)/TW].
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population expansion. This expansion started approximately 0.2
million years ago in the late Middle Pleistocene period and lasted
for nearly 100,000 years. The onset of this explosive population
growth tightly matched the arrival of the Riss glacial period (MIS
6) (Fig. 4), which was the most extensive glacial event from the
Middle to Late Pleistocene period (Williams et al., 1998). Climatic
oscillations in the Quaternary period dramatically affected the his-
torical demography and geographic distribution of extant taxa
(Hewitt, 2000, 2004). This study suggests that the demographic
expansion of L. formosanus predated the Last Glacial Maximum
(LGM) period (about 18,000 years ago) and occupied a much more
ancient time frame in the late Middle Pleistocene period in sub-
tropical Taiwan. This historical demographic expansion event
likely resulted from altitudinal range shifts of temperate forests
in the Middle Pleistocene. During Pleistocene glacial periods in Tai-
wan, a warm-temperate forest (ca. 500–1800 m) consisting of
deciduous Lauro-Fagetum species mixed with a few conifers expe-
rienced descending altitudinal range shifts and dominated the low-
land vegetation (Tsukada, 1966, 1967; Liew and Chung, 2001).
Following the vegetation shifts in glacial periods, mid-elevation

deciduous forest species like L. formosanus descended from higher
altitudinal refugia and expanded their distribution in the newly
available lowland habitats created by a cooler climate. The contin-
uous temperate forests in the lowlands may also have facilitated L.
formosanus’s dispersal into previous isolated mid-elevation habi-
tats across different mountain ranges. This historical demographic
change in L. formosanus population size corroborates the findings
that many median- to high-elevation plants in subtropical Taiwan,
including the beetle’s primary feeding host, C. glauca, also experi-
enced a population expansion resulting from altitudinal range
shifts into lowlands between Pleistocene glacial cycles (e.g., Huang
et al., 2002; Cheng et al., 2005; Chiang et al., 2006).

4.3. Ring-like gene flow and the role of the CMR

This study shows a low overall level of phylogeographic struc-
ture as revealed by AMOVA. The genetic structure of L. formosanus
populations can be characterized by NCPA as restricted gene flow
with isolation by distance and rare long distance dispersal among
geographically fragmented populations. This pattern of spatially
restricted gene flow concurs with the life history characteristics
of stag beetles. The life history characteristics of species, including
their movement and colonization abilities, determine the dispersal
modes and levels of gene flow among populations. Therefore, these
characteristics have important genetic and phenotypic conse-
quences (Bohonak, 1999). For Lucanus stag beetles, the home range
size of females is about 0.2 ha and the migratory movement of fe-
males to new nest sites is often less than 1 km, suggesting a limited
ability of long distance dispersal to new suitable habitats (Spre-
cher-Uebersax, 2003; Rink and Sinsch, 2007). Considering this
weak dispersal ability and the topographic complexity of CMR,
the result of this study reflect a general pattern of short distance,
stepping stone dispersal in L. formosanus.

A ring-like pattern of gene flow appears among neighboring L.
formosanus populations near the CMR (Fig. 5). Populations on each
side of CMR exhibit substantial historical gene flow, whereas min-
imal gene exchange occurred between the Eastern and Western
populations, which were separated by the CMR. Populations from
Eastern and Western Taiwan were genetically connected to each
other through exchanging migrants with SS in the northern and
SCMR in the southern range of CMR (Figs. 4 and 5). This ring-like
pattern of historical gene flow indicates that the CMR, whose peaks
above 3000 meters reached their current elevations no later than 1
Mya (Liu et al., 2000; Sibuet and Hsu, 2004; Huang et al., 2006),
formed a strong physical barrier to the east–west gene flow of L.
formosanus distributed at altitudes lower than 1500 m. Although
a few Taiwanese taxa exhibit similar genetic structuring generated
by the CMR (e.g., Creer et al., 2001; Huang et al., 2002; Cheng et al.,
2005; Shih et al., 2006), this study clearly demonstrates a ring-like
pattern of gene flow among neighboring populations in the area
surrounding CMR.

4.4. Evolution of polyphenic mandibles in L. formosanus

This study finds inconsistent patterns between genetic struc-
tures and morphological subdivisions within L. formosanus popula-
tions. In contrast to low overall phylogeographic structure, we
found a geographic cline of decreasing mandible size from Central
to North and South, and onto Southeast of Taiwan. After accounting
for geographic effect, the evolutionary diversification of the mandi-
ble morphology among L. formosanus populations does not follow
the expected pattern of neutral evolution indicated by the genetic
structure of the mitochondrial and nuclear genes. This indicates
that mandible variations are most likely subject to sexual or natu-
ral selection. Stochastic fluctuations in phenotypic trait values gen-
erated purely by mutation and genetic drift are unlikely to produce

Fig. 7. Pairwise plots of (A) morphological vs. geographic distances and genetic vs.
geographic distances, showing for each comparison the slopes of the RMA
regression including their equation and correlation coefficient (R2). (B) Pairwise
plots of partial correlation between morphological and genetic distances after
controlling for the effect of geographical distances.
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a significant correlation between mandible morphology and
geography (i.e., environment), nor an apparent geographic cline
of mandibular variation. This study provides the first comparative
evidence to show that the remarkable within-species variation in
mandible morphology of the stag beetle may have an adaptive
origin. We hypothesize that the various mandible shapes and sizes
in natural L. formosanus populations may represent adaptation to
habitat heterogeneity.

Like other congeneric Lucanus species, L. formosanus’s mandi-
bles are developmentally plastic traits that exhibit a linear scaling
(allometric) relationship with respect to body size (Huxley, 1931;
Kawano, 1997, 2000, 2003; Emlen and Nijhout, 2000; Shinokawa
and Iwahashi, 2000; Tatsuta et al., 2001). With changing selective
environments, the linear scaling relationships of condition-sensi-
tive traits are capable of rapid divergence through developmental
changes, thus evolving steeper or flatter slopes and producing lar-
ger or smaller traits (Emlen and Nijhout, 2000; Shingleton et al.,
2007). Therefore, the gradient variations of larval diets among
mountain ranges may be one of the potential selective agents for
the continuous divergence of mandible size. Although there is no
direct empirical evidence for the nutritional control of mandible
development for any stag beetle species, the observations and
laboratory rearing experiments (Kuan & Lin, unpublished data on
Cyclommatus mniszechi, Lucanidae) suggest that the nutrition of
the developing larva likely determines the size and shape of man-
dibles in L. formosanus, along with many secondary sexual traits in
other beetles (Emlen, 1994, 1997; Moczek and Emlen, 1999; Emlen
and Nijhout, 2000; Karino et al., 2004). Furthermore, the larvae of
L. formosanus feed on debris of the foliage rather than the decaying
woods typically preferred by stag beetles (Lai and Ko, 2008). Thus,
the larval food quality derived from continuous variations of forest
foliage could be involved in directional natural selection, altering
the allometric (scaling) relationships of mandibles in locally
adapted L. formosanus populations and shifting the mandible
morphology of divergent populations into clinal trajectories.
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