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Some modeling studies indicated that the past distributions of species in east Asia during the Last Interglacial (LIG) and
Last Glacial Maximum (LGM) periods differ from those of European and North American species and the deviant Asian
distribution pattern is known under the term ‘pre-LGM expansion’. It represents the unusually similar distribution pat-
terns between the current and the LGM scenario. However, there is still no satisfying explanation for this phenomenon
so far. Therefore, we took the two recently separated pheasant species of genus Chrysolophus in east Asia as an example to
test the pattern by performing ecological niche models. The main findings of this study include: 1) the paleodistributions
of these two pheasants also corresponded to the ‘pre-LGM expansion’ pattern; 2) climatic similarity results from mobility-
oriented parity analysis also revealed similar pattern for both species; 3) climate regimes of east Asia showed patterns
different from those in Europe and North America in a climate shift towards drier conditions and stronger seasonality and
to more extreme temperatures of the coldest months particularly during the LIG; 4) the two Chrysolophus species occupied
significantly different ecological niches according to current distribution. We suggest that ecological segregation established
in allopatric glacial refugia should be the main determinants for the separation of two Chrysolophus species until they came

into extant post-Pleistocene contact.

Pleistocene climate fluctuations were demonstrated to entail
significantly geographical distribution shifts and contrac-
tions of species (Hewitt 2000). Modeling studies assess-
ing the Pleistocene distributions of European and North
American species revealed that the current geographical
distribution of many species were rather similar to those
reconstructed for the Last Interglacial period (LIG) 0.13-
0.07 mya (Levsen et al. 2012, Wilson and Pitts 2012). In
contrast, the ranges of most species had contracted into
smaller, fragmented and low-latitudinal refuges during the
Last Glacial Maximum (LGM) 0.021-0.018 mya (Waltari
et al. 2007, Lait et al. 2012, Manthey et al. 2012, Lait and
Burg 2013).

Species from other parts of the globe, particularly those of
east Asia, have so far attracted less attention from distribution
modelers (Beheregaray 2008). Recent studies have indicated
that the LIG and LGM distributions of east Asian bird spe-
cies showed unusually similar distribution patterns between
the current and the LGM scenario (Dai et al. 2011, Qu et al.
2011, Zhao et al. 2012, Sun et al. 2014, Ye et al. 2014).
Recently, this phenomenon was termed ‘pre-LGM expan-
sion’ (Wang et al. 2013) and it has received further support
from studies of phylogeography and demographic history of

528

SE Asian species (Li et al. 2006, Huang et al. 2010, Wang
et al. 2013, Sun et al. 2014, Ye et al. 2014).

Nevertheless, the past distributions in those studies were
mainly interpreted in order to explain lineage diversification
and historical demography of target species in combination
with genetic sequence data but no reasonable explanations
for these uncommon distribution patterns were provided.
There are two potential explanations for the east Asian pre-
LGM expansion. Firstly, the unique climate of the region
could have directly resulted in different species distribu-
tions, e.g. if the climate in this region was not as cold as in
North America or Europe during the LGM period, some
species could still live here rather than retreating southward.
Alternatively, if local distributions have been influenced by
species-specific niche preferences (Hewitt 2000), e.g. cold
climate tolerance (Lu et al. 2012b), the uncommon distribu-
tion pattern may show even if the east Asian climates have
been similar to other parts of the world.

The influence of Pleistocene climate fluctuations on
species distributions and patterns of intraspecific genetic
variation have attracted much attention (Hewitt 1996).
Comparison of extant and past scenarios using ecological
niche models (ENM) (Svenning et al. 2011) could provide



evidence of past disjunct distributions and provide impor-
tant insight into how Pleistocene climate fluctuations drive
speciation (Dinci et al. 2011, Levsen et al. 2012). Actually,
using ENM for extrapolating the potential distributions of
species during the past time should be generally based on
the assumptions of climatic-niche stability through time and
species—climate already equilibrium (Nogués-Bravo 2009).
Although those assumptions are still under debate, ENMs
using abundant occurrence data and limited-dimensional
environment predictors (Peterson 2011) can potentially pro-
vide new insights into the ecological aspects of the evolution-
ary history of species (Kozak et al. 2008). Furthermore, there
are approaches which can improve the use of ENMs for such
extrapolation, such as quantifying the differences between
the spaces for constructing ENMs and projecting (Elith and
Leathwick 2009).

In this study, we explore the paleodistributions of two
east Asian pheasant species belonging to the genus Chryso-
lophus: the golden pheasant C. pictus and Lady Amherst’s
pheasant C. amberstiae. Both species are native to the moun-
tain forests of east Asia and they differ obviously in feather
proportions and plumage color patterns (Lei and Lu 2000).
Split ages estimates inferred from molecular data differ with
respect to molecular markers and dating methods applied
but generally hint to a mid- to late-Pleistocene origin with
earliest separation times at 1.7 mya (Zhang et al. 1991,
Xiangyu et al. 2000).

Here we attempt to test the pre-LGM expansion hypoth-
esis for east Asian species using the two Chrysolophus pheas-
ants as a case study. We also explore the niche divergences
of them by comparing the distributions of current and past
scenarios and measuring the niche differentiation quantita-
tively. Moreover, since past distributions should be related
to climates at that time, assessments of climatic character-
istics may provide reasonable and direct explanations for
the uncommon LGM and LIG distribution patterns in east

Asia. Therefore, we assess the climatic similarities between
current and past situations for both species using the mobil-
ity-oriented parity (MOP) analysis (Owens et al. 2013),
and then calculate the differences of climatic layers amongst
three timeframes to find an explanation for the uncommon
‘pre-LGM expansion’ pattern in east Asia.

Material and methods

Ecological niche modeling

We applied a maximum entropy algorithm (MaxEnt, ver.
3.3.3.k) to construct the species specific ENMs and to pre-
dict the potential current, LGM and LIG distributions of
both Chrysolophus pheasants (Phillips et al. 2006, Phillips and
Dudik 2008). We obtained 262 and 146 occurrence records
for C. pictus and C. amberstiae, respectively, from the litera-
ture, museum records (provided by the National Zoological
Museum of China) and the Global Biodiversity Information
Facility (GBIF, <www.gbif.org>). Several records did not
have geographic coordinates, and we assigned coordinates
using the description of the localities and Google Earth 5.0
(Google, Mountain View, CA, USA; <http://earth.google.
com>). In order to minimize any sampling bias effect (Potts
et al. 2013a, b), we resampled localities to ensure that all
occurrence records were separated from each other by at
least 0.1° (Wang et al. 2013). This resulted in 232 localities
for C. pictus and 120 for C. amberstiae (Fig. 1). To reduce
the uncertainty of the model predictions, ENM calibrations
should be restricted to a certain accessible area (Anderson
and Raza 2010, Barve et al. 2011). Therefore, we calibrated
the ENMs within a moderate study region limit, selecting a
200-km buffer around each occurrence point (VanDerWal
et al. 2009) for each species (Fig. 1) to allow for possible
presence locations beyond known boundaries. As ground

500
I

Kilometers

Figure 1. Occurrence records of Chyrsolophus pictus (black triangles) and C. amberstiae (grey dots). The areas within the polygons were used
to construct the ENMs; the whole area shown here was used to project the current, LGM and LIG distributions.
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living birds, both pheasants show similarly limited capabili-
ties for long-distance flight, and mainly glide across the small
open areas according to field observations (Lei and Lu 2006).
Therefore, the movement distance of individuals is unlikely
to be larger than 200-km. Thus, the use of such study region
should be appropriate.

We assessed model robustness for each ENM analysis by
selecting cross-validation with five replicates (Phillips et al.
2006). The importance of different predictors was exam-
ined using a Jackknife analysis of the regularized gain with
training data (Phillips et al. 2006), that is 80% of the total
data. The logistic output was selected with suitability values
ranging from 0 to 1 (Phillips and Dudik 2008), with other
settings set as default, e.g. convergence threshold (10-5) and
maximum number of iterations (500). The final predicted
suitability outputs of different ENMs were obtained through
averaging the five replicates (Marmion et al. 2009). Model
performance was assessed by calculating the area under the
curve (AUC) of receiver operating characteristics (ROGC;
Fielding and Bell 1997) and the true skills statistics (TSS;
Allouche et al. 2006) using the function ‘presence.absence.
accuracy’ in the R package PresenceAbsence’” (Freeman and
Moisen 2008). Since absence data were not available, AUC
and TSS values only represent the ability of ENMs to distin-
guish presence data from the background rather than absence
(Phillips et al. 2006). Prior to calculation, we generated 1000
random pseudo-absences (Elith et al. 2006) using the func-
tion ‘randomPoints’ of the R package ‘dismo’ (Hijmans et al.
2011). All accuracy assessments were conducted using R ver.
2.14.1 (R Development Core Team).

Climatic layers and predictor selection

We used 19 bio-climatic layers with a spatial resolution of
2.5 arc-minutes, from the WorldClim database (Hijmans
et al. 2005, Supplementary material Appendix 1, Table A1)
to construct the ENMs and predicting species distributions
(Peterson et al. 2006, Lu et al. 2012a). To assess the impor-
tance of predictor selection (Peterson and Nakazawa 2008),
we constructed ENMs using two kinds of predictor sets for
comparison and ensemble prediction (Aratjo and New 2007).
First, we used all 19 bio-climatic layers as predictors to con-
struct the full model (FULL) and then calculated a Pearson’s
correlation matrix for all 19 data layers. Depending on the
importance of each layer derived from Jackknife analysis of
the FULL model Supplementary material Appendix 1, Fig. A1,
a correlation coefficient threshold of 0.85 (Elith et al. 2006)
was used to determine whether each layer was to be included
or removed from the model. The remaining layers were used
to construct an uncorrelated model (UNCOR) for both
species (Supplementary material Appendix 1, Table Al).

Projected past distributions

In order to avoid reduced transferability capacity of ENMs
(Peterson et al. 2007, Jiménez-Valverde et al. 2011),
we used the projected outputs of UNCOR model with
reduced uncorrelated variables to assess the LGM and LIG
distributions of both species. Prior to developing projec-
tions for past distributions, we extracted the same recon-
structed climatic variables of LGM and LIG for east Asia.
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LGM climatic data layers were obtained from two general
atmospheric circulation models: the community climate
system model (CCSM) and the model for interdisciplinary
research on climate (MIROC). The original LGM data sets
were downloaded from the Paleoclimate Modeling Inter-
comparison Project Phase IT (PMIP2) through WorldClim
(< www.worldclim.org>). LIG climatic data sets were
based on models from Otto-Bliesner et al. (2006), which
were also available from WorldClim. In order to test the
reliability of projected distributions, we applied the MOP
analysis (Owens et al. 2013) to assess the climatic similarity
between current calibration of each species and projected
region during LIG and LGM. As a modification and exten-
sion of original multivariate environmental similarity sur-
face (MESS) (Elith et al. 2010), MOP analysis can identify
strict extrapolation areas and give similarity values ranging
from 0 to 1 (Owens et al. 2013).

Niche overlap assessment

Predicted outputs of the MaxEnt models were used to assess
niche overlap and divergence of both Chrysolophus species
using ENMtools (ver. 1.3; Warren et al. 2008, 2010). Niches
were compared based on Schoener’s D (Schoener 1968) and
Warren’s I (Warren et al. 2008). Both metrics measure the
similarity between predictions of habitat suitability of spe-
cies, which range from 0 (no niche overlap) to 1 (complete
niche overlap). We used the niche identity test to determine
whether the ENMs generated for the two species were sig-
nificantly (ecologically) different (Warren et al. 2008). We
obtained a null distribution from 100 pseudo-replicates by
pooling and randomizing the occurrence points through-
out the study regions of both species to construct simulated
ENMs, each of which had the same number of points as the
target species. Significance assessment was performed using a
one-tailed t-test with a confidence level of 0.05. We also con-
ducted the background similarity test in ENMrtools to deter-
mine whether the ENM of either species was more similar
than expected by chance (Warren et al. 2010). This analysis
calculates the values of D and 7 between a focal species and a
set of null-niches modeled from pseudo-replicated data ran-
domly sampled within the background range where the focal
species occur (Warren et al. 2008). The sampling size was
the same as the other species. Significance assessment was
performed using a two-tailed t-test with a confidence level of
0.05, since it was possible that the niches of focal species are
either more or less similar than the null ones. Furthermore,
in order to examine the robustness of niche divergence of the
two Chrysolophus species (Shaner et al. 2015), we tested the
niche differences at various spatial scales of <50 km, <100
km, <150 km and <200 km of the contact zone using dis-
criminant function analyses (DFA). Finally, we calculated
the mean elevation of suitable areas of three timeframes
(current, LGM and LIG) using ArcGIS ver. 9.3.1 (ESRI,
Redlands, USA) based on the assumption that the elevation
of the study area has not changed during the past 140 ka.
The suitable areas were identified firstly using two presence
thresholds of sensitivity — specificity minimizer (SSMIN)
and sensitivity + specificity maximizer (SSMAX) as sug-
gested by Jiménez-Valverde and Lobo (2007). Subsequently,
only the areas with positive values of climatic similarity



Table 1. Accuracy assessment of two types of ecological niche
model (ENM) for Chrysolophus pictus and C. amherstiae. FULL:
ENM constructed using all bio-climatic layers as predictors; UNCOR:
ENM constructed using the uncorrelated layers; AUC = area under
relative operating characteristic curves; TSS = true skill statistic.

Species ENM TSS AUC
C. pictus FULL 0.56 0.84
UNCOR 0.50 0.81
C. amherstiae FULL 0.56 0.85
UNCOR 0.52 0.82

indicated by MOP analysis (i.e. outside the strict extrapola-
tion areas) were considered as suitable.

Climate assessments in east Asia

First, we comprehensively assessed the climatic similarities
between current and past situations according to the outputs
of the MOP analysis (Owens et al. 2013). Second, in order
to provide visual illustrations of climatic differences in east
Asia compared to other parts of the world, we calculated the
differences of climatic predictor layers between current and
LGM, current and LIG and LGM and LIG conditions. Spe-
cifically, five new layers were generated for each climatic layer
through calculating the differences using ArcGIS, i.e. current
minus CCSM, current minus MIROC, current minus LIG,
LIG minus CCSM and LIG minus MIROC.

Results

Modeling accuracy assessment

Accuracy measurements revealed that both the FULL and
UNCOR models were good fits for both C. pictus and C.
amberstiae (Table 1). TSS values were=0.5 and the AUC
values were > 0.80, indicating good predictive accuracies
of those ENMs. The FULL model performance was only a
slightly better fit than the UNCOR model due to higher val-
ues of both TSS and AUC (Table 1). Moreover, the correla-
tion coeflicients of the current outputs predicted by the two
ENMs were 0.966 for C. pictus and 0.978 for C. amberstiae.

Current, LGM and LIG distributions

Our ENMs clearly identified that suitable areas of C. pictus
habitat were located north of the northeastern range limits

of C. amberstiae (Fig. 2). Overlap among suitable areas for
both species was quite limited and confined to areas located
in the western Sichuan Basin (Fig. 2¢). The MOP analysis
revealed that the most suitable areas of both species projected
throughout east Asia were located within the regions hav-
ing relatively larger values of similarity (Fig. 2a, b). Predicted
past distributions indicated a history of dramatic range shifts
for both species over the last 140 ka (Fig. 3). Generally, the
distributions of suitable areas of both species during LGM
were consistent with the results of the MOP analysis (Fig. 3).
However, quite a large size of suitable areas during the LIG
was identified as strict extrapolation (marked by ellipses in
Fig. 3), and therefore those overlapped suitable areas shown
in Fig. 3 should be treated with caution. The most suit-
able areas of C. pictus during the LIG were restricted to the
mountains in Guizhou, northern Yunnan and India, while
C. amberstiae was restricted primarily to Yunnan, Sichuan,
Vietnam, eastern Laos and western Myanmar (Fig. 3). Dur-
ing the LGM, suitable areas for both species were predicted
to have expanded eastwards and northwards compared to
the LIG scenario (Fig. 3). Current distribution patterns were
more similar to the LGM scenario rather than to the LIG
scenario (Fig. 2 and 3, Supplementary material Appendix
1, Table A2). Furthermore, note that C. pictus had a large
refugial area in Guizhou during the LIG that was almost
completely isolated from the areas suitable for C. amberstiae
(Fig. 3). The unsuitable areas between them were also identi-
fied as strict extrapolation by the MOP analysis (marked by
arrow in Fig. 3).

Niche divergence between C. pictus and
C. amherstidae

Niche overlap measures for C. pictus and C. amberstiae were
1=0.356 and D=0.153, which were significantly lower
when compared to the pseudo-replicates produced by the
identity test (t-test, p<<0.001, Fig. 4a). This implies that the
two Chrysolophus species occupy quite different ecological
niches. The background similarity test also revealed that in
either scenario of C. pictus versus C. amberstiae or C. amber-
stiaeversus C. pictus, the actual niche overlap was significantly
lower than the pseudo-replicates (t-test, p<<0.001, Fig. 4b,
). This suggested that the divergent niches between the
two Chrysolophus species should not be due to the available
climate spaces. Furthermore, the Jackknife results of
UNCOR models revealed that temperature seasonality
(BIO4) and precipitation seasonality (BIO15) contained

Figure 2. Projected current distributions of Chrysolophus pictus and C. amberstiae using the UNCOR model: (a) habitat suitability for
C. pictus; (b) habitat suitability for C. amberstiae; (c) overlap of suitable areas identified using two kinds of threshold (SSMIN represents
the threshold of sensitivity — specificity minimizer, while SSMAX represents the threshold of sensitivity + specificity maximizer). The
areas with grey background in (a) and (b) have positive values of similarity calculated using MOP analysis. Higher similarities are shown
by darker grey color. The suitable areas indicated as strict extrapolation are excluded in (c).
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Figure 3. Projected LGM (CCSM and MIROC) and LIG distributions of Chrysolophus pictus and C. amberstiae using the UNCOR model.
The first two columns show the habitat suitability distributions of the two species under different timeframes. The third column shows the
overlap of suitable areas identified using the thresholds of SSMIN and SSMAX. The areas with grey background have positive values of
similarity calculated using MOP analysis. Higher similarities are shown by darker grey color. The suitable areas indicated as strict extrapola-

tion are excluded in the third column.

the most useful niche information for C. pictus, achieving
the highest training and testing gains when used in isola-
tion, whereas mean temperature of driest quarter (BIO9)
and precipitation of coldest quarter (BIO19) contained the
most useful niche information for C. amberstiae. According
to the discriminant-function analysis, one canonical func-
tion including six variables (BIO3, BIO4, BIO7, BIO15,
BIO17 and BIO19) was used in the analysis (R?=0.882, F
345 = 202.37,p < 0.001) by applying a stepwise method. Gen-
erally, the canonical function score was significantly lower for
C. pictus using all the presence data (t-test, p<0.001, Fig.
5). The difference in function scores between the two species
also showed persistence at different spatial scales as shown
in Fig. 5. The current mean elevation of the areas suitable
for C. pictus was lower than that of the areas suitable for
C. amberstiae (Table 2). Moreover, the mean elevation of
C. amberstiae showed a general increase from the LIG
via the LGM to current, while the mean elevation of
C. pictus during the LIG was the highest among the three
timeframes.

Climate assessments

According to the MOP analysis, we found that the distri-
butions of climatic similarities during the LGM for both
species were quite similar to the current situations, while
the areas with similar climate during the LIG were shown
to shift southwards and westwards (Fig. 2 and 3). Further-
more, the current climate was generally warmer than the
climate during the LGM throughout the globe, but espe-
cially in northern regions (indicated as darker blue color in
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Fig. 6a). Although the current annual mean temperature
(BIO1) was lower than during the LIG in the even more
northern areas (indicated as yellow color in Fig. 6a), larger
areas in the south still had higher temperatures than during
the LIG, i.e. with blue color in Fig. 6a. Moreover, the mean
LIG temperature of some areas in southern and eastern Asia
was even lower than during the LGM (Fig. 6a). Through-
out the globe, the current annual precipitation (BIO12) was
generally higher than the precipitation during the LGM,
but was lower in eastern China (Fig. 6b). On the contrary,
the annual precipitation during the LIG was lower than the
current climate value and the value during the LGM sce-
nario throughout eastern China. The precipitation of the
wettest (BIO13) and driest months (BIO14) also showed
similar patterns with annual precipitation (Supplementary
material Appendix 1, Fig. A2).

While considering the layers about variation of temper-
ature and precipitation, we found that either temperature
(BIO4) or precipitation seasonality (BIO15) was more dif-
ferent between today and the LIG than between today and
the LGM (Fig. 7). Furthermore, these layers about varia-
tion also showed some patterns in east Asia. Specifically,
temperature seasonality values during the LIG were gener-
ally greater than those for both the LGM and the current
period throughout Eurasia (Fig. 7a). Nonetheless, the areas
in more southern Asia had relatively smaller difference values
of BIO4 compared to the northern areas (Fig. 7a). Precipita-
tion seasonality showed a pattern of LIG > LGM > cur-
rent in southern and eastern Asia, which was consistent with
Europe and North America (Fig. 7b). Nonetheless, the dif-
ference values of BIO15 in these areas were relatively smaller
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Figure 4. Identity test and background-similarity test results. Verti-
cal arrows in the panel represent the observed niche similarity
between occurrence points for the corresponding pair of both
Chrysolophus species. The histograms represent the distribution of
niche similarities obtained from pairs of pseudo-niches constructed
by random resampling. (a) Identity test; (b) background-similarity
test (C. pictus versus C. amberstiae); (c) background-similarity test
(C. amberstiae versus C. pictus).

than in the areas of central and western China and some
areas in Sichuan Province (Fig. 7b), suggesting that although
the precipitation during the LIG was relatively lower than
during the other periods in east Asia, monthly variation
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Figure 5. The canonical function scores of both Chrysolophus species
at different scales of the contact zone. The mean canonical function
scores of C. pictus and C. amberstiae are shown by the black and
grey color, respectively. The error bars denote 95% confidence lim-
its. The scores of C. amberstiae are generally higher than those of C.
pictus at different scales (t-test, total: p<<0.001; <200 km:
p<<0.001; <150 km: p<<0.001; <100 km: p<<0.001; <50 km:
p=0.091).

Table 2. Mean elevations of distribution ranges of Chrysolophus pic-
tus and C. amherstiae for different timeframes under two kinds of
threshold in meters (mean = SD). SSMIN represents the threshold of
sensitivity — specificity minimizer, while SSMAX represents the
threshold of sensitivity + specificity maximizer.

Climate

scenario Threshold C. amherstiae C. pictus

Current SSMIN 1886 + 668 756 £539
SSMAX 1951 =804 751 =569

LGM (CCSM) SSMIN 1708 £778 1111 £579
SSMAX 1737 =842 947 £564

LGM (MIROC) SSMIN 1672714 710+483
SSMAX 1720 =860 734 =506

LIG SSMIN 1340*792 1461 = 1041
SSMAX 1300792 1361 £932

within any given year was also relatively smaller than the
northern areas in China, which may enable the endemic
species to survival in these areas.

Discussion

Niche divergence of Chrysolophus pheasants

Our ENMs outputs revealed that any overlap of potential
suitable areas for both species was quite limited and restricted
to the western and southern boundary of the Sichuan Basin.
The species also differ in their elevational range preferences
with C. pictus preferring lower elevations (Table 2). Note
that the elevation is most strongly correlated to the mean
temperature of the coldest quarter (BIO11), minimal tem-
perature of coldest month (BIO6) and mean temperature of
the driest quarter (BIO 9) with coefficients larger than 0.9.
We can conclude that the major potential suitable areas of
C. pictus would have largely unsuitable elevation and climates
for C. amberstiae and vice versa. Specifically, temperature sea-
sonality (BIO4) and precipitation seasonality (BIO15) con-
tained most of the niche information of C. pictus, and the
response curves showed that this species was more adapted
to an environment with moderate temperature variation
among seasons and lower variation in precipitation among
months. On the contrary, the mean temperature of the driest
quarter (BIO9) and the precipitation of the coldest quarter
(BIO19) were the most significant predictor variables for
C. amberstiae. The response curves showed that C. amberstiae
prefers an environment with lower temperature of the driest
quarter and moderate precipitation of the coldest quarter.
Furthermore, the niche divergence of these two pheasants
is relatively robust according to the DFA results at different
scales of the contact zone (Fig. 5).

LGM and LIG climates in east Asia

Both the projected past distributions using ENMs and cli-
matic similarity assessed from the MOP analysis (Fig. 3)
showed that C. pictus and C. amberstiae displayed the pat-
tern of ‘pre-LGM expansion’ (Wang et al. 2013). To date,
there is no comprehensive explanation for this phenomenon,
except that Wang et al. (2013) suggested that pre-LGM
expansion may be related to a generally warmer climate
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Figure 6. Climatic differences among three timeframes of current, LGM (under two atmospheric circulation models CCSM and MIROC)
and LIG. Annual mean temperature (a) and annual precipitation (b) are shown. The values indicated here equal the values of each climate
variable in the first scenario minus the second one (i.e. blue shades = climate variable higher in the first scenario than in the second one,
and yellow/red shades = climate variable lower in the first scenario than in the second one).

during the LIG, compelling some montane species to occupy
higher elevations (Colwell et al. 2008). In this study, we also
calculated the degree of elevational shift in both pheasant
species among three timeframes, but found that C. amber-
stine demonstrated a surprising shift toward lower elevations
during both the LGM and the LIG, when compared to the
current geographical distribution. Therefore, a presumed
warmer climate during the LIG compelling upward eleva-
tion range shifts cannot explain the distribution patterns for
every species.

Our analyses revealed that the east Asian LGM and LIG
climates differed from other regions of the same latitude
around the globe in either the mean or variation values of
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temperature and precipitation (Fig. 6 and 7). Specifically,
we found that some southern and western areas in Asia
even had lower temperatures during the LIG than during
the LGM (Fig. 6). One major reason for the deviating cli-
mate and distribution scenarios in SE Asia is the exposure of
this region at the southeastern margin of the Qinghai-Tibet
Plateau (QTP). Despite an ongoing debate on paleoclimatic
scenarios most scientists agree that at latest from the late
Miocene on the uplift of the plateau dramatically changed
the regional climate with the onset of the SE Asian monsoon
and its intensification during the Pliocene (An et al. 2001,
Guo et al. 2008, Favre et al. 2014; Fig. 3). Along with global
Pliocene cooling, three successive final uplift phases from
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Figure 7. Climatic differences among three timeframes of current, LGM (under two atmospheric circulation models CCSM and MIROC)
and LIG. Temperature (a) and precipitation seasonality (b) are shown. The values indicated here equal the values of each climate variable in

the first scenario minus the second one as in Fig. 6.

3.6 Ma ago onwards massively affected the Chinese moun-
tain systems at the eastern QTP margins (Li et al. 1996, Li
and Fang 1999, Sun et al. 2011) and led to further intensi-
fication of winter monsoons and aridification along with an
expansion of the Loess Plateau (An et al. 2001, Zheng et al.
2004). Even though the peculiarities of regional climate
regimes in SE Asia (compared to other regions at similar lat-
itudes) were presumably already established long before the
onset of the Pleistocene, they were maintained and possibly
even intensified under the impact of even late glacial cycles.

For example, the fossil record of mollusks provided evidence
of three major events of increased intensity of Asian summer
monsoons at the eastern QTP margin during the last gla-
cial cycles from 500 ka ago onwards (Rousseau et al. 1999).
Generally, our ENMs showed that this region experienced a
climate shift towards drier conditions and stronger seasonal-
ity and to more extreme temperatures of the coldest months
particularly during the LIG. Apparently, Pleistocene climate
change had a more drastic effect on temperature and precip-
itation regimes in southern China than in adjacent regions,
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which might explain unusual paleo-distribution patterns of
our target species and other SE Asian bird species, too.
Although the maximum temperature of the warmest
month (BIO5) showed the frequently observed pattern from
Europe and North America (LIG > current > LGM), the
minimum temperature of the coldest month (BIO6) showed
a deviating pattern in southern and western China (current
> LGM > LIG) from Europe and North America (current
> LIG > LGM; Supplementary material Appendix 1, Fig.
A3). Therefore, the predicted relatively lower mean tempera-
ture of the LIG in east Asia should be more strongly related
to the even lower temperature of the coldest months in a
year. Finally, it is noteworthy that LGM scenarios inferred
from different models (CCSM and MIROC) are not fully
congruent with those from our study region (southern
China). Differences among predicted LGM distributions
might therefore simply be due to differences among extracted
climatic-variable sets under the two different models. Fur-
ther studies on improving the accuracy of reconstructed past
climates is essential to explore the uncommon ‘pre-LGM
expansion’ species distribution pattern in east Asia.
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