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Abstract Alternating glacial and interglacial periods led to
range shifts (contractions and expansions), persistence in
distinct glacial refugia and extinction events in various
temperate organisms. Today, the integrative analysis of mo-
lecular markers and spatial distribution models conducted for
multiple taxa allows the detection of phylogeographical pat-
terns, thus reconstructing major biogeographical events in
their shared evolutionary history. In this study, the effects of
past climate change on the evolutionary history of two sym-
patric moth species (Gnopharmia colchidaria s.l. and G.
kasrunensis) and their host plants (Prunus scoparia and P.
fenzliana) were inferred for the largely neglected biodiversity
hot spot Iran. We complementarily analyzed the population
structure of both moth species (187 specimens, based on COI)
in congruence with batched species distribution models
(SDMs) for all four taxa and for the times of the Last Glacial
Maximum (21 ky BP), 6 ky BP and today. Coincidence of
SDMs and the distribution of haplotype lineages indicated a
shared refugium for the southwestern Zagros Mountains and
potential species-specific refugial areas in the southern

Caucasus and the Kope-Dagh Mountains. Both moth species
experienced past population expansion.
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Introduction

Climatic oscillations during the Quaternary glaciation had a
crucial influence on the formation of biota in the northern
hemisphere. Organisms were forced to local extinction, to
range contractions with survival in refugial areas and to
inter- or postglacial (re-)colonization (e.g., Avise 2000;
Hewitt 2000). Contemporary species population genetic struc-
ture thus reflects responses to past climatic oscillations of the
Pleistocene period (Hewitt 1996, 2000; Petit et al. 2003;
Stewart et al. 2010).

Refugial survival promoted population isolation and accom-
panied with limited gene flow and genetic drift led to the
formation of endemic haplotypes, lineages and/or species
(Weir and Schluter 2004). After the Last Glacial Maximum
(LGM, 23,000-18,000 years before present; Proven and
Bennett 2008), refugial populations were able to (re-)colonize
the surrounding areas, giving rise to the observed extant distri-
bution patterns. Hereby, postglacial population expansionsmay
have occurred in several ways and be distinguished by their
resulting spatial-genetic patterns. On the one hand, following
rapid events of (re-)colonization, a few individuals may estab-
lish founder populations that are prone to population bottle-
necks. Due to a small effective population size and genetic
drift, these are likely for fixation of newly arisen haplotypes
(Hartl and Clark 1997). Moreover, founder populations fre-
quently demonstrate low genetic diversity (Avise 2000). On
the other hand, slow but steady population expansions can
maintain a high amount of their ancestral genetic diversity
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(Hartl and Clark 1997). Previously isolated refugial lineages
may expand and form zones of secondary contact, which are
characterized by a local increase in genetic diversity (Hewitt
2001). These effects have been well studied for European and
North American biota. Several LGM refugia have been
reconstructed based on different methodological approaches
and for various taxonomic groups (e.g., Avise 2000; Petit et
al. 2003; Habel and Assmann 2009; Stewart et al. 2010).

Despite the plethora of phylogeographical studies focusing
onNorth America and Europe, other parts of the world are less
well surveyed. The Middle East in general and Iran in partic-
ular have been largely neglected in past phylogeographical
studies (Ahmadzadeh et al. 2012). Climatic and tectonic
events of the Quaternary period are scarcely documented,
and only very limited knowledge exists about the responses
of organisms to changing environmental conditions (El-
Moslimany 1986). Nevertheless, glacial remains are still vis-
ible in the high mountain areas of Azerbaijan, Alborz and
Zagros and in the Central Iranian massifs such as Kerman and
Shirkuh (e.g., Wright 1961; Kuhle 2008). Despite different
methodological aspects and many ambiguities, most of the
available paleoecological records confirmed the marked
effects of Quaternary climate oscillations in Iran, characteriz-
ing the glacial periods and especially the LGM with a cooler
and more arid climate than today (e.g., van Zeist and Wright
1963; van Zeist and Bottema 1977; El-Moslimany 1986; Kelts
and Shahrabi 1986; Djamali 2008; Djamali et al. 2011). The
direct effects of these climatic oscillations on organisms have
been documented in a few pollen records (van Zeist and
Bottema 1977; Djamali 2008). Furthermore, Djamali et al.
(2010) postulated that global and regional climatic changes
might have indirectly affected the dynamics of the Zagros
Oak woodlands during the Quaternary period by changes
in climate seasonality (see also El-Moslimany 1986;
Stevens et al. 2001). More recently, palynological study
results by Djamali et al. (2011) suggested grassland and
arboreal vegetation types probably with scattered oak trees
for north and northwestern Zagros at the Quaternary glacial
intervals.

In this study we performed a comparative phylogeograph-
ical approach to contribute to a further understanding of the
impact of the Pleistocene glacial cycles on the biodiversity hot
spot of Iran. The two widespread and sympatric moth species
Gnopharmia colchidaria s.l . and G. kasrunensis
(Geometridae) were analyzed for their population structure
in a spatial-genetic context. Distribution ranges and the tax-
onomy of these two species have been recently revised (Rajaei
Sh et al. 2012). G. colchidaria s.l. with its three subspecies
occurs mainly from southern Iran to the Caucasus in the
northwest, and to the Kopet-Dagh, Afghanistan and Pakistan
in the east. Gnopharmia kasrunensis is distributed only in
south and west Iran (Rajaei Sh et al. 2012). Due to these
characteristics (sympatry, well-known distribution range and

taxonomy), we take Gnopharmia moths as candidate organ-
isms for tracing paleo-events in the region of Iran. As both
species are monophagous, successful population foundations
depend on the presence of their host plants, Prunus scoparia
and P. fenzliana (Rajaei Sh 2010; Rajaei Sh et al. 2012).
Depending on this biological interaction, congruent patterns
may indicate, but simultaneously cross check, the evidence for
shared events during their evolutionary history. We used spe-
cies distribution modeling (Gnopharmia + Prunus) in congru-
ence with the analysis of the population genetic structure
(Gnopharmia) to find evidence for (1) the existence and
location of LGM refugia in Iran and (2) postglacial population
expansion dynamics.

Material and methods

Sampling and species identification

Sampling sites and species identifications were retrieved from
Rajaei Sh et al. (2012). In total, we genetically analyzed 187
individuals (see Table 2, supplement data) comprising 123
specimens ofG. colchidaria s.l. from 39 sampling sites and 64
of G. kasrunensis from 16 sampling sites. Sampling sites of
less than 50 km distance were pooled into a single geographic
region, resulting in 11 regions for G. colchidaria s.l. and 5 for
G. kasrunensis (Fig. 1).

Table 1 Sampled regions, number of analyzed specimens (n) and
identified CO1 haplotypes of the studied populations of Gnopharmia
kasrunensis and G. colchidaria s.l. (H). Statistical parameters indicate
haplotype diversity (h±SD) and nucleotide diversity (π±SD)

Species Sample
area

n H h π

G. kasrunensis Esfahan 7 3 0.7143±0.1267 0.0013±0.0012

Yazd 6 4 0.8000±0.1721 0.0039±0.0030

Fars 25 15 0.9167±0.0438 0.0036±0.0023

Kerman 22 5 0.5195±0.1142 0.0017±0.0013

Hormozgan 4 3 0.8333±0.2224 0.0041±0.0033

Total 64 25 0.8353±0.0435 0.0044±0.0026

G. colchidaria
s.l.

Azerbaijan 3 2 0.6667±0.3143 0.002±0.0021

Kordestan 17 3 0.2279±0.1295 0.0021±0.0015

Lorestan 9 2 0.2222±0.1662 0.0003±0.0005

Dena 19 6 0.4678±0.1396 0.0030±0.0020

Fars 30 11 0.7931±0.0669 0.0038±0.0023

Kerman 8 4 0.6429±0.1841 0.0015±0.0013

Hormozgan 4 1 0 0

Semnan 8 5 0.8571±0.1083 0.0067±0.0042

Khorasan 18 6 0.7974±0.0662 0.0056±0.0033

Pakistan 5 3 0.7000±0.2184 0.0073±0.0050

Esfahan 2 2 1.0000±0.5000 0.0031±0.0038

Total 123 32 0.8535±0.0258 0.0060±0.0034

410 H. Rajaei Sh et al.



Phylogeographic analyses

DNA extractions, as well as amplification and sequencing of
the cytochrome c oxidase subunit I (COI) mtDNA, were
performed at the Centre for Molecular Biodiversity Research
(ZMB), Bonn, Germany, and at the Canadian Centre for DNA
Barcoding (CCDB), Guelph, Canada. All steps were con-
ducted according to Ivanova et al. (2006) without modifica-
tions. Sequences were edited in BioEdit 7.1.3 (Hall 1999),
aligned with MAFFT 6 (Katoh et al. 2002) by using default
settings and deposited in GenBank (see Table 2, supplemen-
tary data for collecting data and GenBank accession numbers).

Statistical parsimony networks for each species were
reconstructed with TCS v.1.3 (Clement et al. 2000). With this
analysis, sequences are separated into a network of closely
related haplotype groups with connected branches with less
than 95 % probability. A nested clade analysis (Templeton
1998) was conducted to identify separately evolving haplo-
type lineages (Fig. 1). For comparison of the population
genetic structure, overall and regional haplotype diversity (h)
and nucleotide diversity (π) (Nei and Miller 1990) of both
Gnopharmia species were calculated using Arlequin 3.5.1.2
(Excoffier and Lischer 2010) (Table 1).

For testing the possibility of a past population expansion
event with effects on the recent demographic structure of
genetic diversity, neutrality tests and pairwise mismatch
distributions between haplotypes were conducted with
Arlequin 3.5 (Excoffier and Lischer 2010) and DnaSP
5.10 (Libradi and Rozas 2009). Parameters of the demo-
graphic model expansion [i.e., tau (τ), theta 0 and theta 1)
were obtained from Arlequin 3.5 analyses. Tajima’s D
(Tajima 1989) and Fu’s FS (Fu 1997) estimates to test for
deviations from the neutral theory model at equilibrium
between genetic drift and mutation were performed. A sig-
nificantly negative deviation from zero can be interpreted as
a result of past population expansion and/or purifying selec-
tion, whereas a significantly positive value can result from
balancing selection and/or a decrease in population size. The
goodness of fit of observed data to a simulated model of
population expansion was assessed with the Harpending’s
raggedness index (Hri, Harpending 1994) and the sum of
squared deviations (SSD). A significantly high value of Hri
(p<0.05) or high estimates of SSD mean a non-fitting devi-
ation and thus a rejection of the null hypothesis of a popu-
lation expansion model.

Species distribution modeling

In recent years, the application of species distribution models
(SDMs) has become very popular. Correlative SDMs are com-
monly based on information on the target species’ current distri-
bution and associated environmental conditions, which may
comprise both bioclimatic conditions and cover information

(e.g., Guisan and Zimmermann 2000; Elith and Leathwick
2009). Depending on the type of SDM algorithm applied, the
target species’ realized or potential distribution is approximated,
which can be subsequently projected into geographic space
(Jiménez-Valverde et al. 2011). Projections of this estimated
niche envelope through space and/or time allow an estimation
of the species’ potential distribution in other geographic areas or
time slices, e.g., during the last glacial maximum (Waltari et al.
2007; Svenning et al. 2011; Roberts and Hamann 2012). A
detailed comparison of biogeographic patterns derived from pop-
ulation genetics and SDMs can provide independent but comple-
mentary lines of evidence (Chan et al. 2011).

A total of 137 presence records ofG. colchidaria s.l. and 45
for G. kasrunensis were compiled for SDM development
following the taxonomic assignments proposed by Rajaei Sh
et al. (2012). The populations of both species are monopha-
gous. Therefore, we additionally developed SDMs for the host
plants based on 81 records of Prunus scoparia and 65 for
Prunus fenzliana (distribution data from Browicz and
Zieliński 1984). Coordinates of moth records were either
directly taken from the specimen’s labels or georeferenced
using Google Earth (www.google.com/earth/index.html).
The “Road Atlas of Iran” (2005) was used for controlling
the local names. The final data sets were checked for geo-
graphic plausibility in DIVA-GIS 7.4.0 (Hijmans et al. 2005).

A set of 19 bioclimatic variables was downloaded from the
WorldClim database (Hijmans et al. 2005, www.worldclim.org)
as environmental predictors that comprehensively describe
the climatic conditions of the study area. This set of pre-
dictor variables has been frequently suggested to be suit-
able for SDM development (Busby 1991; Beaumont et al.
2005). Herein, we used all 19 bioclimatic variables with a
spatial resolution of 2.5 arc min matching the spatial resolu-
tion of the species records. Computing pairwise Pearson’s
correlation coefficients in Cran R 14.0 was used to assess
collinearity among the variables. Out of highly correlated
pairs of variables with R2>0.75, the putatively biologically
most relevant variable was retained. The final set of
predictors comprised 12 bioclimatic variables (bio 2-3, 6-
10, 15-19) (see Table 3, supplemental data, for definition
of these variables).

For SDM development, the Maxent algorithm was used
applying the default settings (Phillips et al. 2006; Phillips
and Dudík 2008; Elith et al. 2011). The training area of an
SDM ideally comprises those environmental conditions that
are accessible for the target species (Barve et al. 2011;
Phillips et al. 2009). Therefore, we restricted the training
range to an area defined by a circular buffer of 200 km
enclosing all species records. In 100 iterations, the species
records were randomly split into 70 % used for model
building and 30 % used for model evaluation via the area
under the receiver-operating characteristic curve (AUC,
Swets 1988) and the point biserial correlation (COR, Elith
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et al. 2006). Finally, the average predictions per grid cell
were used for further processing.

To assess possible changes of the species’ potential dis-
tribution during the past, we projected the SDMs developed
under current conditions onto environmental conditions for
6 ky BP and 21 ky BP. We used paleoenvironmental con-
ditions as suggested by two different global circulation
models (GCM): the Community Climate System Model
(CCSM, Kiehl and Gent 2004) and the Model for
Interdisciplinary Research on Climate (MIROC, http://
www.ccsr.u-tokyo.ac.jp/∼hasumi/MIROC/). Raw GCM out-
puts for 6 ky BP were downloaded from the PMIP 2 home-
page (Braconnot et al. 2007, available through http://
pmip2.lsce.ipsl.fr/) and spatially downscaled as described
by Peterson and Nyári (2007). LGM scenarios for 21 ky
BP, which were downscaled using the same technique, were
obtained from the WorldClim database.

Any projection of a SDM onto conditions exceeding
those within the training range of the model may negatively
affect its reliability (Elith et al. 2010; Rocchini et al. 2011).
Therefore, in all projections, we identified those areas out-
side of the training range using multivariate environmental
similarity surfaces (Elith et al. 2010).

Results

Haplotype diversity and phylogenetic relationships
of haplotypes

In total, 654 bp of COI mtDNA was sequenced. The COI
fragment contained 35 variable sites for G. colchidaria s.l.
and 29 for G. kasrunensis with 32 and 25 haplotypes
revealed, respectively (Fig. 2a, b). The region of Fars
exhibited the highest number of different haplotypes in both
species (11 haplotypes for G. colchidaria s.l. and 15 for G.
kasrunensis). Overall haplotype diversity in both species
was high (h>0.8, Table 1). A comparatively low haplotype
diversity for the former species was found at Hormozgan,
Lorestan and Kordestan as well as in Kerman for the latter
(Fig. 3a, b). The highest haplotype diversity was found in
Esfahan and Semnan (G. colchidaria), as well as in Fars and
Hormozgan (G. kasrunensis). Haplotypes formed three (G.
colchidaria) and two separately evolving lineages (G. kas-
runensis) following the results of a third level nesting
(Fig. 1). Haplotypes with high frequency (and a central
position in the network; e.g., G. colchidaria: HP1, HP6,
HP12, HP13; G. kasrunensis: Hp8, Hp14) and haplotypes
demonstrating a tip position with low frequency were

present in our data set. Localities of G. colchidaria s.l.
comprising haplotypes from more than one nested clade
were found in Kordestan, Dena, southern Fars (clades 3-1
+ 3-2), Semnan, Khorasan and Pakistan (clades 3-1 + 3-3).
The two nested clades revealed for G. kasrunensis were also
geographically separated (Fig. 1).

Genetic diversity, population differentiation and population
expansion

Genetic diversity of G. colchidaria s.l. was considerably
higher compared to G. kasrunensis (Table 1, Fig. 2c, d).
Spatial distribution of genetic diversity is visualized in
Fig. 3c, d. The localities of Semnan, Khorasan and
Pakistan demonstrated the highest genetic diversity in G.
colchidaria. Remarkably, these three regions also possessed
the largest genetic distance to almost all other populations
(Fig. 2e). In the case of G. kasrunensis, the populations
found at Yazd, Fars and Hormozagan had the highest genet-
ic diversity. Individuals found at Hormozagan were strongly
differentiated from all other specimens (Fig. 2f).

Both data sets demonstrated evidence for deviation from a
model of selective neutrality (Fig. 4). Statistical tests of neu-
trality were significantly negative in the case ofG. colchidaria
s.l. (only Fu’s FS) and G. kasrunensis (both Fu’s FS and
Tajima’s D) (Fig. 4). Hri and SDD values for both species
were low, implying that the observed mismatch distribution
was not significantly different from a distribution pattern
expected after past population expansion (Fig. 4).

Based on pairwise FST estimates for G. colchidaria s.l.
(Fig. 2g, h), populations of Pakistan, Khorasan and
Hormozgan were each clearly differentiated from all
remaining populations. Western populations, on the con-
trary, shared various haplotypes and probably exhibited
frequent gene flow with each other. The population of G.
kasrunensis found at the Hormozgan population was clearly
isolated from all remaining localities.

Species distribution modeling

For both species, the suggested suitable climate regions during
glacial times (21 ky BP) were only partly congruent between
the model scenarios CCSM and MIROC. For G. colchidaria
s.l., the more conservative CCSM 21k model output sug-
gested distribution areas in the northeastern and northwestern
Alborz Mountains (entering Azerbaijan) as well as in the
central Zagros Mountains. However, the MIROC model ad-
ditionally suggested the Zagros Mountain range and the coast-
al area of the Gulf of Oman, demonstrating high habitat
suitability (Figs. 5, 6, 7 and 8). The CCSM 6k and MIROC
6k model results were relatively similar: Wide regions within
the Alborz Mountains and the Zagros Mountains could have
provided suitable climatic conditions for G. colchidaria

Fig. 1 Haplotype networks for both moth species. The colors code
localities. The size (diameter) of the circles represents the frequency of
the haplotype in the whole data set. Black lines represent the mutational
pathway interconnecting haplotypes

�
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Fig. 2 Results of AMOVA for
both moth species. a and b:
Haplotype pairwise distances; c
and d: Nei’s within and
between population distances; e
and f: number of pairwise
differences between localities; g
and h: comparison of Fst values
of all populations
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(Fig. 5). Similarly, the present distribution of this species is
confined to those regions. Despite the potential refugial areas
within the mountain ranges of Iran, long-term suitability of
climatic conditions was revealed for northeastern Pakistan,
eastern Afghanistan, Uzbekistan and Syria/Iraq.

Both SDM projections (CCSM 21k and MIROC 21k) for
G. kasrunensis and the time of the LGM suggested suitable
habitats in the Central Zagros Mountains (Fig. 6). Similar to
the case of G. colchidaria, the CCSM 21k model for G.
kasrunensis was more conservative than the MIROC 21k.

The latter predicted suitable climatic conditions at the coast
of the Gulf of Oman and in large parts of the west and
central Zagros Mountains. High habitat suitability in those
two regions was also suggested for the Mid-Holocene.
Moreover, they matched the present day distribution of G.
kasrunensis. Outside of Iran, the north and south of
Afghanistan and northern Iraq have most probably pos-
sessed permanently suitable climatic conditions since the
LGM. However, no record of G. kasrunensis has been
reported from outside of Iran (Rajaei Sh et al. 2012).

Fig. 3 Spatial distribution of haplotype and genetic diversity for both moth species. a and b: G. colchidaria; c and d: G. kasrunensis. The reference
circle diameters for the haplotype diversity and for the genetic diversity are shown in the upper part of the figures

Fig. 4 Mismatch distribution
and tests of selective neutrality.
Dotted line: The observed
distribution; solid line: the
expected distribution after past
population expansion. For the
neutrality tests, P-values are
provided in brackets.
Significant results are marked
in bold. Hri: Harpending’s
raggedness index; SDD: sum of
squared deviations
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Fig. 5 Species distribution models for Gnopharmia colchidaria based on the current distribution (large map) and projection of this model to the
past (6 and 21k years BP) based on two model systems (CCSM and MIROC)
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Fig. 6 Species distribution models for Gnopharmia kasrunensis based on current distribution (large map) and projection of this model to the past
(6 and 21k years BP) based on two model systems (CCSM and MIROC)
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Fig. 7 Species distribution models for Prunus scoparia based on the current distribution (large map) and projection of this model to the past (6 and
21k years BP) based on two model systems (CCSM and MIROC)
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Fig. 8 Species distribution models for Prunus fenzliana based on the current distribution (large map) and projection of this model to the past (6 and
21k years BP) based on two model systems (CCSM and MIROC)
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In agreement with SDM results obtained for the two moth
species, the SDMs for the widespread and shared host-plant
P. scoparia suggested permanently suitable climatic condi-
tions in the Zagros Mountain range (for CCSM 21k only in
the southern Zagros Mountains), at the northern coasts of
the Gulf of Oman and in the western Alborz Mountains
(Fig. 7). Although the vast majority of presence records
used for model building in P. scoparia originated from the
area of Iran, regions of high climatic suitability were also
revealed for south Afghanistan, eastern Turkmenistan and at
the border between Syria and Turkey. Model results for P.
fenzliana, the host plant of the designated subspecies G.
colchidaria colchidaria (see Rajaei Sh et al. 2012), differed
between the SDM models. For the LGM, the MIROC 21k
model predicted a potential refugial area in the eastern
Alborz Mountains, whereas the CCSM 21k model
revealed the southern Caucasus, although with lower
habitat suitability. Both models for the Mid-Holocene,
CCSM 6k and MIROC 6k revealed the southern
Caucasus and to some extent the Alborz Mountain
ranges as climatically suitable areas. However, the cur-
rent distribution of P. fenzliana is restricted to the
southern Caucasus (Fig. 8).

Discussion

A congruent pattern displayed among different taxa that
occur in the same biogeographic region is evidence that a
shared event played an important role in driving evolution.
After studying independent but complementary sources of
data (i.e., genetic and paleo-bioclimatic data) for two mostly
sympatric moth species (Gnopharmia kasrunensis and G.
colchidaria) and their shared host-plant (Prunus scoparia),
we found evidence for the existence and location of LGM
refugia in Iran. Moreover, we revealed an impact of the
glacial-interglacial periods on the population structures of
both moth species, which were formed by separately evolv-
ing haplotype lineages and demonstrated signs of past pop-
ulation expansions. Based on the genetic results and on
hind-casting species distribution models for both moth spe-
cies and their shared host plant, we inferred potential ref-
ugial areas in the southwest Zagros Mountains (with the
center of Dena) and potentially in the Kope-Dagh
Mountains and the southern Caucasus.

Due to long-term isolation, the Zagros Mountains are
characterized as an area of endemism (Rechinger and Lack
1991; Akhani 2004; Noroozi et al. 2008). High haplotype
diversity in the western populations of G. colchidaria and
G. kasrunensis support this point of view. The presence of a
wide refugial area in the southeastern Zagros Mountains can
be expected. Consequently, this region could well have
served as the source population for the detected postglacial

expansion events in both moth species. Species distribution
models for the LGM revealed high habitat suitability in the
south and western Zagros Mountains and in southeastern
Iran stretching along the coast of the Persian Gulf. Besides
the suggested distribution areas of G. colchidaria in the
southwestern Zagros Mountains and eastern Alborz
Mountains, LGM and Mid-Holocene paleo-reconstructions
of species distributions indicate regions with high habitat
suitability in the southern Caucasus and the southern
Kope-Dagh. Conclusively, these models (especially under
the CCSM) favor the existence of three distinct refugial
areas for G. colchidaria. Previously, the Kope-Dagh
mountain range with its highly complex biodiversity
was identified as the region comprising source popula-
tions for many floral elements of adjacent regions, e.g., the
eastern forests of Arborz (Kryzhanovsky and Atamuradov
1994; Akhani 1998).

From a genetic perspective, we find further evidence for
refugial areas distinct to the Zagros Mountains. Three clear-
ly separated haplotype lineages were revealed for G. colchi-
daria s.l., one being geographically restricted to the
northeast of Iran (Kope-Dagh Mountains) and the Pakistan
population. The latter could have been colonized after a
postglacial expansion event with origin in the Kope-
Dagh Mountains. Similarly, haplotypes of G. colchida-
ria from Semnan scattered in different haplotype line-
ages. The Semnan population could comprise a zone of
secondary contact or present a corridor for this species
resulting from postglacial population expansions from
the east and west.

The population of G. kasrunensis found in the eastern
lowlands of Hormozgan at the coast of the Persian Gulf is
genetically clearly separated. Paleoclimatic models for the
period of the LGM point to a bioclimatic barrier between
this area and the west and north of Hormozgan. Thus,
differing bioclimatic conditions between the northern coasts
of the Persian Gulf and the Zagros Mountains may have
played a prominent role leading to population isolation and
genetic diversification in the long run. Based on the differ-
entiation of phyto-geographical regions, Djamali et al.
(2012) came up with a similar conclusion. Many floral
elements at the northern coasts of the Persian Gulf are
shared with the Mesopotamian flora and highly differentiat-
ed from the floral elements of the Zagros Mountains and
Central Iran (Zohary 1973; White and Léonard 1991;
Akhani 2007). Moreover, several faunal elements of the
coasts of the Persian Gulf are closely related to the Afro-
Arabian zone, e.g., birds (Evans 1994), reptiles (Anderson
1999) and lepidopterans (Naumann 1987). Due to its
specific climatic condition and biodiversity, the eastern
coasts of the Persian Gulf could well have served as a
separate refugial area distinct to the southwestern Zagros
Mountains.
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The inferred LGM distribution patterns of G. kasrunensis
and G. colchidaria in southern Iran fit well with the poten-
tial distribution of their shared host plant P. scoparia. The
presence of the host plant may thus control the foundation of
moth populations affecting both the dispersal potential and
distribution range of the species. The latter hypothesis, i.e., a
limited distribution range of host-specific Lepidoptera de-
fined by their host plant(s), finds further support by Kunte
(2008), but was rejected by Schweiger et al. (2008).
Considering the trophic niche of the monophagous
Gnopharmia populations, it is most reasonable that the
distribution of host plants has a profound effect on confining
the investigated moths to shared refugia. Such host-specific
moth species may track the contractions and expansions of
their host plants during ice age oscillations. However, both
the documented presence of host plants and suitable climatic
conditions showed congruent patterns.

During the LGM, Prunus as well as other trees and
shrubs (e.g., Crataegus, Cerasus, Amygdalus, Pistacia)
were rare in the northern parts of the Zagros Mountains
(El-Moslimany 1986; Djamali et al. 2011). However,
Prunus probably tolerated the colder climate conditions
with a higher rate of precipitation during the early
Paleocene (at least for the time of the LGM). The last glacial
conditions may have confined the host plant distribution to
the southern parts of the Zagros Mountains. Palynological
studies in Lake Zeribar and Lake Mirabad provided evi-
dence for a late establishment of deciduous forests in west
Iran (van Zeist and Wright 1963; van Zeist and Bottema
1977). Several studies have shown the effects of dry and
cold conditions during the early Holocene together with
anthropogenic influences on slowing the rate of dispersal
of these forest trees in the northern Zagros Mountains
(Hillman 1996; Roberts 2002; Roberts and Wright 1993;
van Zeist and Bottema 1991).

Based on morphological data, the Caucasus populations
of G. colchidaria have been treated as a distinct subspecies
(G.c. colchidaria, Rajaei Sh et al. 2012). At present, no
genetic data exist for this region. However, LGM recon-
structions, especially under the CCSM, indicate a potential
refugial area in the Caucasus. As an independent source of
data, we used presence records of its suggested host plant
(Prunus fenzliana) to compare the inferred distribution pat-
terns of the moth and host plant. The CCSM model for the
LGM and both Mid-Holocene models reconstructed suitable
climatic conditions for this plant at the south of the
Caucasus. We assume that northern populations of G. col-
chidaria have adapted to the colder and more humid climate
of the southern Caucasus, thus enabling them to co-occur
with their host plant. The localization of a glacial refugium
in the region of the southern Caucasus is further supported
by high regional biodiversity (Volodicheva 2002; Seddon et
al. 2002; Ahmadzadeh et al. 2012).

Conclusion

We combined molecular genetic and paleoclimatic data of
two mostly sympatric moth species of the genus
Gnopharmia to localize potential Last Glacial Maximum
refugial areas for the biodiversity hot spot of Iran. Both
species possessed a population genetic structure formed by
three (G. colchidaria s.l.) and two (G. kasrunensis) distinct
haplotype lineages, probably resulting from population dif-
ferentiation in isolated refugial areas. As such, the southwestern
Zagros Mountains comprised a shared LGM refugium.
Moreover, potential species-specific refugia in the southern
Caucasus, along the coast of the PersianGulf and in the southern
Kope-Daghmountains were revealed. Paleodistributions of their
shared host plant Prunus demonstrated congruent patterns, thus
providing further evidence. Other phylogeographic studies are
needed to shed more light on the largely neglected biogeograph-
ical history of Iran.
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