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Abstract

Endemic and restricted-range species are considered to be particularly vulnerable to the
effects of environmental change, which makes assessing likely climate change effects on
geographic distributions of such species important to the development of integrated conser-
vation strategies. Here, we determined distributional patterns for an endemic species of
Dianthus (Dianthus polylepis) in the Irano-Turanian region using a maximum-entropy algo-
rithm. In total, 70 occurrence points and 19 climatic variables were used to estimate the
potential distributional area under current conditions and two future representative concen-
tration pathway (RCP2.6 and RCP8.5) scenarios under seven general circulation models for
2050. Mean diurnal range, iso-thermality, minimum temperature of coldest quarter, and
annual precipitation were major factors that appeared to structure the distribution of the spe-
cies. Most current potential suitable areas were located in montane regions. Model transfers
to future-climate scenarios displayed upward shifts in elevation and northward shifts geo-
graphically for the species. Our results can be used to define high-priority areas in the Irano-
Turanian region for conservation management plans for this species and can offer a tem-
plate for analyses of other endangered and threatened species in the region.

Introduction

Climate change is known as a major threat to species survival and the integrity of ecosystems
worldwide [1,2]. Numerous studies have documented the effects of climate change on biodi-
versity during the twentieth century, including alterations in distribution and phenology, and
increases in extinction risk for many species [3-5]. Given these changes, assessments of the
impacts of climate change on species’ geographic distributions are necessary to reveal the
extent of risk and to permit the design of appropriate conservation programs for species.
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Endemic and restricted-range species are considered to be particularly vulnerable to the
effects of environmental change, which makes assessing likely climate change effects on geo-
graphic distributions of such species important to the development of integrated conservation
strategies [6]. Among major effects of climate change on species is that of shifting their potential
distributions [7,8], threatening their viability via range reductions [9-11], and altering the repre-
sentation of species in protected areas [12]. Climate change may also lead to local extinctions, ulti-
mately reducing range size, and increasing habitat destruction and fragmentation; as a
consequence, such that climate change particularly threatens species that already have small
ranges [12-14]. These implications will be particularly damning for endemic plant species in
montane areas, because of their restricted geographic ranges and relatively narrow environmental
tolerances [15,16]. These species may shift their geographic ranges to higher elevations in the face
of a warming climate, often accompanied by decreases in population size via range reduction and
fragmentation [7,17]. Despite the importance of these regions for preserving endangered and
endemic species, relatively few studies have focused on their climate change sensitivity [18].
Hence, developing the ability to predict the responses of restricted-range, montane species to cli-
mate change is important for assessing extinction risk or climate adaptation [19,20].

One approach by which to evaluate potential impacts of climate change on species’ distribu-
tions is via the use of ecological niche models (ENMs) [21,22]. These models relate occurrence
data and environmental variables using statistical or machine-learning procedures to create an
empirical, correlational model of the fundamental ecological niche [21,23]. One can then
transfer modeled environmental requirements of species to future climate scenarios, predict-
ing their potential distributions under changing conditions [21,24]. Among the different tools
used in ENM, Maxent is a popular choice, is appropriate in situations in which only presence
data are available, and achieves powerful predictive performance [25,26].

We selected an endemic species of the genus Dianthus L. (Caryophyllaceae) as a case study
of the influence of climate change on the geographic potential of species in the Irano-Turanian
region using ENM. The genus Dianthus is distributed throughout Eurasia and Africa, with
more than 300 species. Over half of its species occur in small, geographically restricted ranges
[27,28]. Previous studies have highlighted that climatic preferences have played prominent
roles in the evolution and diversification of Dianthus [27-30]. In addition, most Dianthus spe-
cies in the Irano-Turanian region live in rocky mountain habitats that may be affected severely
by changing environmental conditions, land-use changes, and human activities. Therefore,
many such montane Dianthus species, given their restricted ranges, may be highly sensitive to
climate change.

Dianthus polylepis Bien. ex Boiss. 1867 is a species endemic to the mountains of northeast-
ern Iran and southwestern Turkmenistan, with a highly restricted geographic distribution at
elevations of 1100-2500 m, including the Kopet Dagh, Hezar-Msjed, Binalood, Sabzevar, and
Kashmar-Torbat mountains [31-33]. Although it is listed by IUCN as Least Concern (LC) [34]
based on its relatively wide distribution [31], the species is distributed patchily and occurs in
small, isolated, and scattered populations, often with low genetic diversity [35,36]—this con-
trast of a broad extent of occurrence with a small actual distribution has important implica-
tions for conservation. Populations of the species are impacted severely by disturbance, so
identifying the potential geographic distribution of this species and predicting how climate
change will affect its geographic range can be useful for its conversation and management. Pre-
vious studies have focused on phylogeny and taxonomic status [37-39], yet little is known as
regards the details of its geographic distribution or the environmental factors associated with
that distribution.

In this study, we investigate the impacts of climate change on the potential distribution of
D. polylepis across the Irano-Turanian region, under current and future climatic conditions.
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Our aims were: (a) to estimate the potential distribution of D. polylepis under current climatic
conditions, (b) to identify key environmental factors delimiting that range, and (c) to predict
the potential distribution of this species under various climate change scenarios.

Materials and methods
Study area and occurrence data

This study focused on the Irano-Turanian region (IT region) in southwestern Asia [40]. (Fig
1A). The region is a species- and endemism-rich floristic region, particularly in the Iranian
Plateau and Anatolian Plateau [41-44]. It contains four sub-regions (IT1, IT2, IT3, IT4); the
sub-region IT2 encompasses a wide area in Iran, Turkey, and Afghanistan, including many
Dianthus species. This sub-region has a distinct climate, as well as the highest diversity of phys-
iognomic types, including forest, scrub, alpine, and sub-alpine grassland and steppe, montane
steppe, desert steppe, and diverse halophytic communities. Hence, the IT2 is considered as the
most significant center of plant speciation and endemism in the Irano-Turanian floristic
region [40,42,43,45,46].

Dianthus polylepis is distributed in the Khorassan-Kopet Dagh floristic province (KK), a
small area within IT2 northeastern Iran and southwestern Turkmenistan [31,48]. The three
most prominent mountain ranges are the Kopet Dagh (peak 2676 m) and Hezar-Msjed (3106
m) mountains, eastern Alborz (2956 m) and Binalood (3301 m) mountains, and the Sabzevar
(2937 m) and Kashmar-Torbat (2940 m) ranges (Fig 1B). The climate in the area is distinctly
continental: mean annual precipitation is 300-380 mm in the high mountains, and annual
mean temperature varies 12-19°C, depending on elevation [49]. Under the Bioclimatic Classi-
fication System [50], the Kopet Dagh mountains have a Mediterranean or Irano-Turanian
xeric-continental climate, with a short summer dry period. A limited area between the Kopeh
Dagh and Aladagh-Binaloud mountains has a shorter summer drought and higher annual pre-
cipitation. Dianthus polylepis is distributed broadly in montane steppe habitats in this area. We
used occurrence data for D. polylepis from field surveys at sites across the region [37,39] and
gathered additional records from previous studies, in the form of herbarium specimens in the
collections of the Ferdowsi University of Mashhad Herbarium (FUMH) and Herbarium of
Research Institute of Forests and Rangelands (T'ARI). Additional georeferenced distribution
records for this species were extracted from the literature, which was checked via searches on
the scientific name in Google Scholar, although the number of such studies is few; we ended
up using only information from two older papers that provided locality information [32,33]
(S1 Table). We checked the Global Biodiversity Information Facility (GBIF; http://www.gbif.
org/) and SpeciesLink (http://splink.cria.org.br/) and found no additional occurrence records.

To assure acceptable data quality in the occurrence information, we filtered occurrence
data in two steps. That is, we checked occurrence data carefully for localities falling outside the
species’ known range, and removed records for which coordinate uncertainty was either too
high or was lacking. To reduce autocorrelation among occurrence data and potential for over-
fitting [24], we eliminated one of each pair of records falling within single grid cells (~1 km)
using the spThin library in R Statistical package 3.5.1 [51]. Final occurrence data were split
randomly into two equal portions: 50% with which to calibrate the model and the other 50% to
evaluate model predictions (Fig 1C).

Climate data

Given the focus of this paper on estimating the future potential distribution of the species, we
were constrained to variables for which “before and after” versions of those variables were
available, which is to say, a set of climate variables that have been developed for the present
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Fig 1. Study area and distribution of Dianthus polylepis. (a) Phytogeographic subdivisions of the Irano-Turanian region modified by the authors from previous
published maps [47]. (b) The distribution of Dianthus polylepis in three main mountain ranges including (1) Kopet Dagh and Hezar-Masjed (3106 m), (2) Eastern
Alborz (2956 m) and Binalood (3301 m), (3) Sabzevar (2937 m) and Kashmar-Torbat (2940 m) mountains. (c) Occurrence records of Dianthus polylepis and accessible
area (M) for model calibration.

https://doi.org/10.1371/journal.pone.0237527.9001

and multiple future scenarios. Current climatic data layers (19 initially) were therefore
obtained from WorldClim version 1.4 (http://www.worldclim.org) [52], at a spatial resolution
0of 30” (~1 km). We excluded four of the bioclimatic variables (bio8, bio9, bio18, and bio19)
from all analyses because they show odd spatial anomalies in the form of discontinuities
between neighboring pixels in the absence of environmental gradients on the ground [53,54].
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Two procedures were used to select subsets of the remaining 15 bioclimatic variables. First, we
examined Pearson correlation coefficients among the variables across the calibration area (see
below) using R 3.5.0 software [55], and found 5 variables among which all correlation coeffi-
cients were <0.8, a value that indicates that the two variables share 60+% of their overall vari-
ance; in each case of highly correlated variable pairs (i.e., 7 > 0.8), we chose the variable with
the clearest interpretation regarding the biology of the species for further analysis [50,56].
With that reduced set of five variables, we selected three sets of variables, chosen in sequential
steps using the jackknife function in Maxent, removing the variable with the lowest indepen-
dent contributions, creating sets of 5, 4, and 3 variables for analysis.

For climate change projections, we downloaded climatic variables under future-climate sce-
narios to match the present-day datasets from the Climate Change, Agriculture, and Food
Security website (CCAFS; http://www.ccafs-climate.org) [57], also at a spatial resolution of
30”. We selected seven general circulation models (GCMs) for 2050, under two representative
concentration pathway scenarios (RCP 4.5 and RCP 8.5), giving lower and upper views of pos-
sible future greenhouse gas emissions, respectively, and bracketing likely future conditions.
GCMs employed in this study included (1) Beijing Climate Center, China Meteorological
Administration (BCC-CSM 1-1); (2) Canadian Center for Climate Modeling and Analysis
(CCCMA-CANESMA); (3) Climate System Model (CSIRO MKk3); (4) NASA Goddard Insti-
tute for Space Studies, USA (GISS-E2-R); (5) Institute for Numerical Mathematics, Russia
(INMCM4); (6) Institute Pierre-Simon Laplace, France (IPSL-CM4); and (7) Meteorological
Research Institute, Japan (MRI-CGCM3). We used this diverse set of GCMs because estimates
of GCM-to-GCM variation are key in understanding uncertainty in predictions of future dis-
tribution potential of species [58].

Ecological niche modeling

Ecological niche models were created using a maximum entropy algorithm [23]. Although
many have advocated for exploring multiple such algorithms for fitting ecological niche mod-
els [59,60], in light of different types of probabilities estimated by different algorithms [21], we
have opted to use only Maxent, but with a deep exploration of parameter space [61]. We devel-
oped a specific hypothesis of the area that has been accessible to the species over relevant peri-
ods [62]. This area, termed M, was estimated as the area within 2° (~220 km) of known
occurrences, which was delineated using buffer routines in ArcGIS 10.3.1, and was inspected
to assure that all sites within the area are likely within the dispersal reach of the species. We
delineated M using buffer routines in ArcMAP (version 3.10)—in light of the limited dispersal
capacity of D. polylepis, we used a 220 km buffer around known presence points as a proxy of
this area [63]. In light of the limited latitudinal range of this species, we used geographic coor-
dinates for our analyses (WGS 1984); however, all area calculations were developed in a cylin-
drical equal-area projection.

We used a detailed model selection procedure [64] via the kuenm package in R [61]. We
explored a combination of 20 regularization parameter values (0.1-1.0 at intervals of 0.1; 1-2
at intervals of 0.25; 2-6 at intervals of 1; 8; and 10), 29 sets of model response types (i.e., all pos-
sible combinations of linear, quadratic, product, threshold, and hinge responses), and the
three sets of environmental variables described above. In all, 1740 candidate models were cre-
ated, and each was evaluated based on statistical significance (partial ROC tests) [65], omission
rate (OR), and the Akaike information criterion corrected for small sample sizes (AICc) [64].

In greater detail, candidate models were evaluated using partial ROC tests applied to 500
random replicate samples of 50% of the occurrences left out of model calibration [65], and sta-
tistical significance evaluated via a direct count of replicates with AUC ratios <1.0. All models
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were thresholded based on an acceptable calibration omission rate [65] of E = 7%, and
removed models with omission rates above 0.07. Finally, we filtered models to retain only
models with the lowest values of the Akaike information criterion (AICc) [64], retaining mod-
els with AICc values within 2 units of the minimum. Final models were selected based on (1)
statistical significance, (2) acceptably low omission rates, and (3) presenting the minimum
value of AICc, to assure that we worked with relatively simple but highly predictive models
[61].

Final models were created using parameter settings selected in kuenm, with 10 bootstrap
replicate analyses among available occurrence data. We transferred final models across a
broader area of southwestern Asia under present-day conditions; models were also transferred
to future conditions, permitting extrapolation and clamping under conditions not manifested
across the calibration area. We used median values across replicates for the final models as the
best estimate of the suitability across the region for present-day conditions, and assessed
uncertainty as the range (maximum-minimum) across the 10 replicate analyses for each final
parameter set. For projections to future conditions, the median of replicate medians was calcu-
lated across all 7 GCMs for each RCP, and the range among replicates was again used as an
index of uncertainty related to the availability of occurrence data. We converted raw suitability
scores into binary estimates of potential presence and absence across regions via establishing
the highest threshold level using an adjusted minimum training presence threshold based on
E = 0.07 [66], which in effect allows for some amount of error in the occurrence data. We visu-
alized future expected changes in distributional patterns in terms of the agreement or lack of
agreement among model transfers to different GCM outputs.

Results

In all, 83 unique occurrences for D. polylepis were assembled from across the study area. Two
of these records did not include sufficiently precise information and were removed. To avoid
spatial autocorrelation in occurrence data, 11 of 81 records were also excluded based on ~1 km
distance filtering. In all, then, 70 unique occurrences were used for calibration and evaluation
(Fig 2; S1 Table), which represents the full set of existing data regarding the occurrence of the
species.

Based on the correlation matrix among environmental variables (r > 0.8), climatic variables
biol, bio4, bio5, bio6, bio7, bio10, bio13, bio14, biol5, and biol6, were removed from the anal-
ysis. The remaining five variables were subjected to the jackknife analysis, including mean
diurnal range (bio2), Iso-thermality (bio3), mean temperature of the coldest quarter (bioll),
annual precipitation (biol2), and precipitation of the driest quarter (biol7). In two jackknife
steps, bioclimatic variables 17 and 3 were the variables that contributed least. Hence, we
explored three sets of environmental variables: bio2-biol1-bio12, bio 2-biol1-bio12-bio17,
and bio2-bio3-biol1l-biol2-biol7.

In all, 1740 models were evaluated for model calibration, most of which were significantly
better than random expectation based on the partial ROC test (P < 0.001; see S2 Table). Model
selection procedures indicated that the models with the best fit to our data in terms of signifi-
cant, low-omission models and models with the lowest AICc value, comprised two models
including quadratic-threshold-hinge or all feature classes, a regularization parameter value of
1.75, and the intermediate set of four environmental variables. Because AICc values of other
models were higher, these two models were used for estimating potential distributions of D.
polylepis under present and future conditions.

Ecological niche models based on present-day conditions indicated high suitability for D.
polylepis across montane areas, including parts of Iran, Afghanistan, and Turkey, and a small
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Fig 2. Predicted current suitable regions for Dianthus polylepis distribution across the Iran-Turanian region. (a) Median prediction. (b) The uncertainty
associated with the predicted suitable regions.

https://doi.org/10.1371/journal.pone.0237527.9002

part of Pakistan. In Iran, the highest suitability was observed in the Zagros range in the west
and several mountain ranges in the east, whereas suitability was markedly lower in central
areas comprising desert and low-elevation areas. Suitable areas were also identified in the
Hindu Kush in central Afghanistan and parts of the western Anatolian Plateau in Turkey (Fig
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2A). Under present-day conditions, relatively low levels of uncertainty were observed across
the predicted distributional areas, except in small parts of western Iran and western Turkey.
Although these areas show low levels of uncertainty, some sites (e.g., in Turkey) are likely not
accessible to the species currently in light of long distances to known distributional areas and
broad, human-modified intervening habitats. High uncertainty was in western and northern
Iran, much of Turkey, Armenia, Georgia, southern Russia, eastern Afghanistan, eastern Paki-
stan, western India, and other parts of Central Asia (Fig 2B). Therefore, models identified suit-
able distributional areas with high confidence only in eastern and western Iran and central
Afghanistan.

Transferring models to future conditions indicated an overall distributional pattern similar
to that under present-day conditions; however, suitable areas shifted towards higher elevations
under future conditions. The future potential distribution under RCP 4.5 was concentrated in
montane areas in Iran and Afghanistan (Fig 3A). In contrast, suitable areas under RCP 8.5 were
confined to the highest elevations in western and eastern Iran (Fig 4A). Uncertainty under
future conditions was distributed similarly to that under present-day conditions (Figs 3B-4B).

Based on conditions anticipated for RCP 4.5 and RCP 8.5 (Fig 5A and 5B), an expansion of
suitable areas was indicated in montane areas of sub-region IT2 in small parts of northeastern
Turkey, northwestern Armenia, northern and western Georgia, northwestern and northern
Iran, and central Afghanistan. Across the broader area of interest, the potential distribution of
D. polylepis increased by 21.4% and 17.7% from present-day conditions to RCP 4.5 and RCP
8.5 conditions, respectively. However, across the model calibration area, which is more cer-
tainly accessible to the species, the distributional area of the species increased by only 2.9%
from present-day conditions to RCP 4.5 conditions and 0.8% to RCR 8.5 conditions.

Discussion

In this study, we estimated the potential geographic distribution of D. polylepis in the Irano-
Turanian region under current and future climate conditions. Dianthus polylepis is restricted
to montane areas, and the species’ distribution appears to have been molded by a combination
of access by dispersal (i.e., it has not been able to colonize apparently suitable areas in montane
areas that are relatively close by), past speciation history [67], and environmental conditions in
terms of temperature and precipitation [30,68]. In particular, in our analyses, mean diurnal
temperature range, iso-thermality, minimum temperature of coldest quarter, and annual pre-
cipitation, were factors of importance in delimiting the niche of this species. Although field-
based information of this sort is not available for D. polylepis, a recent study by Lopez-Jurado
et al. [30] indicated that the distribution of another Dianthus species, the D. broteri complex,
in the Mediterranean region is constrained by environmental variables related to temperature
and drought stress (potential evapotranspiration in the driest and warmest quarters), along
with edaphic properties. Distributions of Dianthus species in the D. pungens group depend on
elevation and temperature [27].

The bioclimatic classification system [50,56] indicates a close relationship between vegeta-
tion distributions and climatic parameters in the Irano-Turanian region. Several such parame-
ters differentiate the climate of this region from Mediterranean bioclimates, including lower
annual precipitation, lower winter temperatures, slightly higher summer temperatures, dis-
tinctly higher continentality (diurnal temperature variation), and often a longer dry season (5
to 7 months) [50]. Annual precipitation and temperature annual range rank among the most
important drivers of the distribution of Artemisia aucheri at a regional scale in the Alborz
Mountains in northern Iran [69]. Dianthus polylepis is distributed in areas with two distinct
Mediterranean bioclimates: long summer drought and low annual precipitation (MXC;
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Fig 3. Potential future distribution of Dianthus polylepis under the Representative Concentration Pathway (RCP) 4.5 across the Iran-Turanian region. (a) Median
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Mediterranean xeric-continental) and high annual precipitation in winter months (MPC;
Mediterranean pluviseasonal-continental). MXC covers broader areas in the Khorassan-Kopet
Dagh floristic province than MPC, which is restricted to a small area between Kopet-Dagh and
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Fig 4. Potential future distribution of Dianthus polylepis under the Representative Concentration Pathway (RCP) 8.5 across the Iran-Turanian region. (a) Median
prediction. (b) The uncertainty associated with the predicted suitable regions.
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the Aladagh-Binalood Mountains [50]. Our results coincided with previous studies in showing
the importance of climate parameters in montane habitats, especially temperature, as a crucial
parameter in limiting local-to-regional-scale plant species’ distributions [27,70].
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Fig 5. Predicted future suitable regions under current and future climate scenarios. (a) Prediction under the Representative Concentration Pathway (RCP) 4.5. (b)
Prediction under the Representative Concentration Pathway (RCP) 8.5. Both panels illustrate the agreement between different global circulation models. White
indicates areas not suitable under present or future conditions. Darkest blue indicates areas suitable under both present and future conditions. Redder shades indicate

increasing possibility of future gain of suitability, whereas lighter blue shades indicate greater potential for less of suitability into the future.

https://doi.org/10.1371/journal.pone.0237527.9005
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Our models indicated that almost all suitable habitats for D. polylepis are in montane areas
in sub-region IT2, which has a distinctive climate. Accordingly, suitable areas identified in
western Iran are climatically similar to the species’ distribution in the Khorassan-Kopet Dagh
floristic province [50]. Our future range projections indicate potential for distributional expan-
sion, yet an open question is whether the species will be able to access those all of those areas
via dispersal, or whether some areas will prove uninhabitable owing to extreme conditions at
higher elevations close to present distributional areas, such as possible effects of increased UV
radiation [71].

Climate change could impact the availability of suitable areas for the species in the future.
Both RCP scenarios showed considerable increases in suitable distributional areas mostly
northward into the Euro-Siberian region [50]. However, on more local and more clearly acces-
sible scales, changing and shifting suitability patterns were observed in current and future dis-
tribution areas, with upward shifts in elevation in areas adjacent to current distributional
areas, which might ultimately lead to area reductions and local extinction (Figs 3 and 4). This
decline of habitat suitability would be a consequence of a lack of adaptation of the species to
changes in climate conditions, which appears to occur under limited circumstances with cli-
mate change [72]. In a recent experiment, solar radiation, wind speed, and minimum tempera-
ture were the climatic variables with the greatest effects on survival and stomatal conductance
of the related species D. inoxianus [71]. Abiotic factors such as UV radiation and daily temper-
ature fluctuations will be also exacerbated with elevation, which can adversely affect growth in
montane areas [73-75]. Recent studies showed low genetic diversity in populations of some
Dianthus species in montane areas, where they are exposed to harsh environments [37,76],
which may make the species more vulnerable to climate change stresses. Furthermore, our
field studies suggest that the growth of D. polylepis is constrained by these environmental
stresses and that the species shows stress tolerance in the face of harsh environmental condi-
tions. Land-use change and human activities have fragmented the species’ populations, creat-
ing small populations with low adaptive potential and increased extirpation rates in remnant
habitats.

Whether the species will be able to access these new regions depend on several factors. Dis-
persal is important in shifting species’ ranges, particularly along elevational gradients [77].
Although many plant species are capable of long-distance dispersal, Dianthus species disperse
their seeds only by semachory, and as such disperse only over relatively short distances
[78,79]. Thus, D. polylepis will likely not be able to colonize new regions as they become suit-
able for the species. Furthermore, the Irano-Turanian region has a complex topography due to
its complex tectonic history which provided a suitable physiographic context for the develop-
ment of the region’s flora; such complex topography forms strong barriers that further con-
strain dispersal [80,81]. The main mountain ranges of the Irano-Anatolian plateaus and
Central Asia have a prevailing W-E and NW-SE orientation, which complicates responses to
warming climate conditions [56,82].

One should take into account some common complications that affect such correlative
niche models. For example, occurrence data deficiency is a major challenge that must be con-
sidered to avoid over- or under-characterizing species’ niches [83,84]. As a consequence, we
applied robust approaches using Maxent, and tuning model settings via jackknife and model
selection approaches [23,85]. In addition, occurrence data are influenced by biases in geo-
graphic sampling, so we processed our models to thin the occurrence data spatially via remov-
ing records that were clumped or clustered artificially [51].

Another important factor that has received limited attention is whether or not the distribu-
tion of D. polylepis is in equilibrium with its environments and accessible landscape. Biotic
interactions, dispersal characteristics, and human activities may affect this equilibrium and
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limit niche quantification and transferability. Therefore, the niches that are estimated using
these methods may under-characterize the full dimensions of the fundamental niches that gen-
uinely determine distributional potential [86]. However, we applied Maxent as a correlative
modeling method in our study to predict, and interpret and explore the potential distribution
of D. polylepis on a broad spatial scale; we were careful to interpret our results appropriately
and not in excessive or unsupported detail.

Conclusions

We showed that distributional patterns for D. polylepis can be modeled under current and
future climate scenarios using relatively small numbers of occurrence records. Suitable areas
for the species are concentrated in a few isolated mountain ranges; suitability may be reduced
at local scales owing to climate change, which may be exacerbated by human activities and
land use transformation in these areas. For this reason, immediate conservation actions are
needed to protect this species from extinction. These results may serve as a basis for conserva-
tion actions concerning additional endemic plant species in the Irano-Turanian region. In
addition, it may provide a view of the influences of various climatic parameters affecting the
occurrence and distribution of species, which will be useful in developing strategies for moni-
toring species. However, further research is necessary to validate the present modeling results
using direct field studies, to consider factors such as interspecific interactions, the impact of
land-use change, and the role of topographic factors and geographic barriers in constraining
the species’ distributional potential.

Supporting information

S1 Table. Summary of occurrence data used in this study.
(DOCX)

$2 Table. Summary of model parameter settings explored and tested in this study.
(DOCX)

Acknowledgments

The authors would like to thank Mohammad Reza Joharchi in Herbarium of Ferdowsi Univer-
sity of Mashhad (FUMH) and Dr. Mostafa Assadi in Herbarium of Research Institute of For-
ests and Rangelands (TARI) for providing certain occurrence data. The authors also wish to
express deep gratitude to Marlon Cobos for the support of the analyses. We hereby acknowl-
edge that part of the computation reported herein was performed on the HPC center of Fer-
dowsi University of Mashhad.

Author Contributions

Conceptualization: Maryam Behroozian, Hamid Ejtehadi, A. Townsend Peterson, Farshid
Memariani.

Data curation: Maryam Behroozian, Hamid Ejtehadi, A. Townsend Peterson, Farshid
Memariani.

Formal analysis: Maryam Behroozian, A. Townsend Peterson.
Funding acquisition: Hamid Ejtehadi, Farshid Memariani.

Investigation: Maryam Behroozian, Hamid Ejtehadi, A. Townsend Peterson, Farshid
Memariani.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237527  August 18, 2020 13/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237527.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237527.s002
https://doi.org/10.1371/journal.pone.0237527

PLOS ONE

Climate change impact on distribution of Dianthus polylepis

Methodology: Maryam Behroozian, Hamid Ejtehadi, A. Townsend Peterson, Farshid
Memariani.

Project administration: Hamid Ejtehadi, Farshid Memariani, Mansour Mesdaghi.
Resources: Maryam Behroozian, Hamid Ejtehadi, A. Townsend Peterson, Farshid Memariani.
Software: Maryam Behroozian, Hamid Ejtehadi, A. Townsend Peterson, Farshid Memariani.
Supervision: Hamid Ejtehadi, A. Townsend Peterson, Farshid Memariani.

Validation: Maryam Behroozian, Hamid Ejtehadi, A. Townsend Peterson, Farshid
Memariani.

Visualization: Maryam Behroozian, Hamid Ejtehadi, A. Townsend Peterson, Farshid
Memariani.

Writing - original draft: Maryam Behroozian, A. Townsend Peterson.

Writing - review & editing: Maryam Behroozian, Hamid Ejtehadi, A. Townsend Peterson,
Farshid Memariani, Mansour Mesdaghi.

References

1. Pounds JA, Fogden MPL, Campbell JH. Biological response to climate change on a tropical mountain.
Nature: 1999; 398: 611-615. https://doi.org/10.1038/19297.

2. Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig C, Pounds JA. Fingerprints of global warming
on wild animals and plants. Nature. 2003; 421: 57-60. https://doi.org/10.1038/nature01333 PMID:
12511952

3. Nabout JC, Magalhdes MR, Gomes MAA, Cunha HF. The impact of global climate change on the geo-
graphic distribution and sustainable harvest of Hancornia peciose Gomes (Apocynaceae) in Brazil.
Eviron. Manage. 2016; 57: 814—82. https://doi.org/ 10.1007/s00267-016-0659-5.

4. XuX, ZhangH, Xie T, Zhao L, Tian W. Effects of climate change on the potentially suitable climatic geo-
graphical range of Liriodendron chinense. Forest. 2017; 8: 399. https://doi.org/10.3390/f8100399.

5. Cuena-Lombrana A, Fois M, Fenu G, Cogoni D, Bacchetta G. The impact of climatic variations on the
reproductive success of Gentiana lutea L. in a Mediterranean mountain area. Int. J. Biometeorol. 2018;
62: 1283-1295. https://doi.org/10.1007/s00484-018-1533-3 PMID: 29602965

6. Casazza G, Giordani P, Benesperi R, Foggi B, Viciani D, Filigheddu R, et al. Climate change hastens
the urgency of conservation for range-restricted plant species in the central-northern Mediterranean
region. Biol. Cons. 2014; 179: 129-138.

7. Guisan A, Holten JI, Spichiger R, Tessier L. Potential Ecological Impacts of Climate Change in the Alps
and Fennoscandian Mountains, Conservatoire et Jardin Botaniques, Genéve, p. 194; 1995.

8. Aguirre-Gutiérrez J, van Treuren R, Hoekstra R, van Hintum TJL. Crop wild relatives range shifts and
conservation in Europe under climate change. Divers. Distrib. 2017; 23: 739-750. https://doi.org/10.
1111/ddi.12573.

9. Pauli HM, Gottfried M, Grabherr G. Effects of climate change on mountain ecosystems—upward shift-
ing of alpine plants. World Resour. Rev. 1996; 8: 382—-390.

10. Thuiller W, Lavorel S, Araujo MB, Sykes MT. Prentice IC. Climate change threats to plant diversity in
Europe. Proc. Natl. Acad. Sci. USA. 2005; 102: 8245-8250. https://doi.org/10.1073/pnas.0409902102
PMID: 15919825

11. Thomas CD, Cameron A, Green R, Bakkenes M, Beaumont LJ, Collingham YC, et al. Extinction risk
from climate change. Nature. 2004; 427: 145—-148. https://doi.org/10.1038/nature02121 PMID:
14712274

12. Velazquez-Tibata J, Salaman P, Graham CH. Effects of climate change on species distribution, com-
munity structure, and conservation of birds in protected areas in Colombia. Reg. Environ. Change J.
2013; 13: 235-248. https://doi.org/10.1007/s10113-012-0329-y.

13. Manne LL, Pimm SL. Beyond eight forms of rarity: which species are threatened and which will be next?
Anim. Conserv. 2001; 4:221-229. https://doi.org/10.1017/S1367943001001263.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237527  August 18, 2020 14/18


https://doi.org/10.1038/19297
https://doi.org/10.1038/nature01333
http://www.ncbi.nlm.nih.gov/pubmed/12511952
https://doi.org/
https://doi.org/10.3390/f8100399
https://doi.org/10.1007/s00484-018-1533-3
http://www.ncbi.nlm.nih.gov/pubmed/29602965
https://doi.org/10.1111/ddi.12573.
https://doi.org/10.1111/ddi.12573.
https://doi.org/10.1073/pnas.0409902102
http://www.ncbi.nlm.nih.gov/pubmed/15919825
https://doi.org/10.1038/nature02121
http://www.ncbi.nlm.nih.gov/pubmed/14712274
https://doi.org/10.1007/s10113-012-0329-y
https://doi.org/10.1017/S1367943001001263
https://doi.org/10.1371/journal.pone.0237527

PLOS ONE

Climate change impact on distribution of Dianthus polylepis

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

Mawdsley JR, O'Malley R, Ojima DSA. Review of climate-change adaptation strategies for wildlife man-
agement and biodiversity conservation. Conserv. Biol. 2009; 23: 1080—1089. https://doi.org/10.1111/j.
1523-1739.2009.01264.x PMID: 19549219

Pauli HM, Gottfried M, Grabherr G. Effects of climate change on mountain ecosystems—upward shift-
ing of alpine plants. World Resour. Rev. 1996; 8: 382-390.

Thuiller W, Lavorel S, Araujo MB, Sykes MT. Prentice IC. Climate change threats to plant diversity in
Europe. Proc. Natl. Acad. Sci. USA. 2005; 102: 8245-8250. https://doi.org/10.1073/pnas.0409902102
PMID: 15919825

Song YG, Petitpierred B, Denga M, Wue JP, Kozlowskib G. Predicting climate change impacts on the
threatened Quercus arbutifoliain montane cloud forests in southern China and Vietnam. For. Ecol.
Manage. 2019; 444: 269-279. https://doi.org/10.1016/j.foreco.2019.04.028.

Urban MC. Accelerating extinction risk from climate change. Science. 2015; 348: 571-573. https://doi.
org/10.1126/science.aaa4984 PMID: 25931559

Hickler T, Vohland K, Feehan J, Miller PA, Smith B, Costa L, et al. Projecting the future distribution of
European potential natural vegetation zones with a generalized, tree species based dynamic vegetation
model. Glob. Ecol. Biogeogr. 2012; 21: 50-63. https://doi.org/10.1111/j.1466-8238.2010.00613.x.

Lenoir J, Svenning JC. Climate-related range shifts—a global multidimensional synthesis and new
research directions. Ecography. 2015; 38: 15-28. https://doi.org/10.1111/ecog.00967.

Peterson AT, Soberon J, Pearson RG, Anderson RP, Martinez-Meyer E, Nakamura M, et al. Ecological
Niches and Geographic Distributions. Princeton, Princeton University Press; 2011.

Thuiller W, Albert C, Araujo PB, Berry M, Cabeza M, Guisan A, et al. Predicting global change impacts
on plant species’ distributions: future challenges. Perspect. Plant Ecol. Evol. Syst. 2008; 9: 137—152.
https://doi.org/10.1016/j.ppees.2007.09.004.

Phillips SJ, Anderson RP, Schapire RE. Maximum entropy modeling of species geographic distribu-
tions. Ecol. Modell. 2006; 190: 23—259. https://doi.org/10.1016/j.ecolmodel.2005.03.026.

Elith J, Graham CH, Anderson RP, Dudik M, Ferrier S, Guisan A, et al. Novel methods improve predic-
tion of species’ distributions from occurrence data. Ecography. 2006; 29: 129—151. https://doi.org/10.
1111/j.2006.0906-7590.04596.x.

Phillips SJ, Dudik M. Modeling of species distributions with Maxent: new extensions and a comprehen-
sive evaluation. Ecography. 2008; 31: 161-175. https://doi.org/10.1111/j.0906-7590.2008.5203.x.

Merow C, Smith MJ, Silander JA. A practical guide to MaxEnt for modeling species’ distributions: what it
does, and why inputs and settings matter. Ecography. 2013; 36: 1058—1069. https://doi.org/10.1111/j.
1600-0587.2013.07872.x.

Crespi A, Fernandis CF, Castro A, Berrnardos S, Amich F. Morpho-enviromental characterization of the
genus Dianthus (Caryophyllaceae) in the Iberian Peninsula: D. pungens group. Ann. Bot. Fenn. 2007;
44:241-255.

Valente LM, Savolainen V, Vargas P. Unparalleled rates of species diversification in Europe. Proc.
Royal Soc. B. 2010; 277: 1489-1497. https://doi.org/10.1098/rspb.2009.2163

Balao F, Valente LM, Vargas P, Herrera J, Talavera S. Radiative evolution of polyploidy races of the Ibe-
rian carnation Dianthus broteri (Caryophyllaceae). New Phytol. 2010; 187: 542-551. https://doi.org/10.
1111/j.1469-8137.2010.03280.x PMID: 20456054

Lépez-Jurado J, Mateos-Naranjo E, Balao F. Niche divergence and limits to expansion in the high poly-
ploid Dianthus brotericomplex, New Phytol. 2019; 222: 1076—1087. https://doi.org/10.1111/nph.15663
PMID: 30585629

Memariani F, Akhani H, Joharchi MR. Endemic plants of the Khorassan-Kopet Dagh floristic province in
the Irano-Turanian region: diversity, distribution patterns and conservation status. Phytotaxa. 2016a;
249: 31-17. http://dx.doi.org/10.11646/phytotaxa.249.1.5.

Rechinger KH. Flora Iranica. No. 163. Caryophyllaceae Il. Akademische Druck- und Verlagsanstalt,
Graz; 1988.

Assadi M. The genus Dianthus L. (Caryophyllaceae) in Iran. Iran. J. Bot. 1985; 3: 9-54.

IUCN. Guidelines for Using the IUCN Red List Categories and Creteria. Version 9.0. Prepared by the
Standards and Petitions Subcommittee. 2011. Available from: http://www.incnredlist.org/documents/
RedListGuidelines.pdf (accessed 3 Feburary 2016).

Collin CL, Shykoff JA. Outcrossing rates in the gynomonoecious-gynodioecious species Dianthus syl-
vestris (Caryophyllaceae). Am. J. Bot. 2003; 90: 579-585. https://doi.org/10.3732/ajb.90.4.579 PMID:
21659152

PLOS ONE | https://doi.org/10.1371/journal.pone.0237527  August 18, 2020 15/18


https://doi.org/10.1111/j.1523-1739.2009.01264.x
https://doi.org/10.1111/j.1523-1739.2009.01264.x
http://www.ncbi.nlm.nih.gov/pubmed/19549219
https://doi.org/10.1073/pnas.0409902102
http://www.ncbi.nlm.nih.gov/pubmed/15919825
https://doi.org/10.1016/j.foreco.2019.04.028
https://doi.org/10.1126/science.aaa4984
https://doi.org/10.1126/science.aaa4984
http://www.ncbi.nlm.nih.gov/pubmed/25931559
https://doi.org/10.1111/j.1466-8238.2010.00613.x
https://doi.org/10.1111/ecog.00967
https://doi.org/10.1016/j.ppees.2007.09.004
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1098/rspb.2009.2163
https://doi.org/10.1111/j.1469-8137.2010.03280.x
https://doi.org/10.1111/j.1469-8137.2010.03280.x
http://www.ncbi.nlm.nih.gov/pubmed/20456054
https://doi.org/10.1111/nph.15663
http://www.ncbi.nlm.nih.gov/pubmed/30585629
http://dx.doi.org/10.11646/phytotaxa.249.1.5
http://www.incnredlist.org/documents/RedListGuidelines.pdf
http://www.incnredlist.org/documents/RedListGuidelines.pdf
https://doi.org/10.3732/ajb.90.4.579
http://www.ncbi.nlm.nih.gov/pubmed/21659152
https://doi.org/10.1371/journal.pone.0237527

PLOS ONE

Climate change impact on distribution of Dianthus polylepis

36.

37.

38.

39.

40.

41.

42,
43.

44,

45.
46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Fischer M, Husi R, Prati D, Peintinger M, Kleunen M, Schmid B. RAPD variation among and within
small and large populations of the rare clonal plant Ranunculus reptans (Ranunculaceae). Am. J. Bot.
2000; 87:1128—1137. http://dx.doi.org/10.2307/2656649. PMID: 10947997

Behroozian M, Jafari A, Farsi M. RAPD analysis of genetic variation within and among natural popula-
tions of two species of Dianthus L. (Caryophyllaceae) in NE Iran. Iran. J. Bot. 2013; 19: 194-201.

Behroozian M, Vaezi J, Joharchi MR. A karyological study of some Dianthus L. species (Caryophylla-
ceae) in northeast of Iran. Feddes Repert. 2014; 123: 1-9. https://doi.org/10.1002/fedr.201300011.

Farsi M, Behroozian M, Vaezi J, Joharchi MR, Memariani F. The evolution of Dianthus polylepis com-
plex (Caryophyllaceae) inferred from morphological and nuclear DNA sequence data: one or two spe-
cies? Plant Syst. Evol. 2013; 299: 1419-1431. https://doi.org/10.1007/s00606-013-0804-z

Léonard J. On the plant “associations” mentioned in Iran by M Zohary. Bull. Jard. Bot. Nat. Belg. 1993;
62: 113-118. https://doi.org/10.2307/3668269.

Rechinger K-H. Flora Iranica. Vols. 1-178. Akademische Druck- und Ver-lagsanstalt, Graz; (1963—
2010). (Ed.).

Zohary M. Geobotanical Foundations of the Middle East. Vol. 2. Fischer, Stuttgart; 1973.

Takhtajan A. Floristic Regions of the World (Translated by Theodore J. Crovello). University of Califor-
nia Press, Los Angeles; 1986.

Davis PH, Cullen J, Coode MJE. Flora of Turkey and the East Aegean Islands. Vol. I. Edinburgh Uni-
versity Press, Edinburgh; 1965.

Guest E, Al-Rawi A. Flora of Irag. Vol. |. Ministry of Agriculture, Baghdad; 1966.

Klein J-C. La Végétation Altitudinale de I'’Alborz Centrale (Iran). InstitutFranc, ais de Recherche en
Iran, Tehran; 1994.

White F, Léonard J. Phytogeographic links between Africa and southwest Asia. Flora et Vegetatio
Mundi. 1991; 9: 229-246.

Memariani F, Zarrinpour V, Akhani H. A review of plant diversity, vegetation, and phytogeography of the
Khorassan-Kopet Dagh floristic province in the Irano-Turanian region (northeastern Iran—southern Turk-
menistan). Phytotaxa. 2016b; 249: 8-30. https://dx.doi.org/10.11646/phytotaxa.249.1.4.

Akhani H. Plant biodiversity of Golestan National Park. Stapfia. 1998; 53: 1-411.

Djamali M, Akhani H, Khoshravesh R, Andrieu-Ponel V, Ponel P, Brewer S. Application of the global bio-
climatic classification to Iran: implications for understanding the modern vegetation and biogeography.
Ecol. Mediterr. 2011; 37:91-114.

Aiello-Lammens ME, Boria RA, Radosavljevic A, Vilela B, Anderson RP. spThin: an R package for spa-
tial thinning of species occurrence records for use in ecological niche models. Ecography. 2015; 38:
541-545.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jaruis A. Very high resolution interpolated climate sur-
faces for global land areas. Int. J. Climatol. 2005; 25: 1965-1978. https://doi.org/10.1002/joc.1276.

Escobar LE, Lira-Noriega A, Medina-Vogel G, Peterson AT. Potential for spread of the white-nose fun-
gus (Pseudogymnoascus destructans) in the Americas: use of Maxent and NicheA to assure strict
model transference. Geospat. Health. 2014; 9: 221-229. https://doi.org/10.4081/gh.2014.19 PMID:
25545939

Ashraf U, Peterson AT, Chaudry MN, Ashraf |, Saqgib Z, Ahmad SR, et al. Ecological niche model com-
parison under different climate scenarios: A case study of Olea spp. in Asia. Ecosphere. 2017; 8:
€01825. https://doi.org/10.1002/ecs2.1825.

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria., 2018; Available online at https://www.R-project.org/.

Djamali M, Brewer S, Breckle SW, Jackson ST. Climatic determinism in phytogeographic regionaliza-
tion: a test from the Irano-Turanian region, SW and Central Asia. Flora. 2012; 207: 237—249. hitps://
doi.org/10.1016/j.flora.2012.01.009.

Ramirez Villejas J, Jarvis A. Downscaling Global Circulation Model Outputs: The Delta Method Decision
and Policy Analysis Working Paper No. 1. International Center for Tropical Agriculture. Cali. CO. 18 p;
2010.

Peterson AT, Cobos ME, Jiménez-Garcia D. Major challenges for correlational ecological niche model
projections to future climate conditions. Ann. N. Y. Acad. Sci. 2018; 1429: 66—77. https://doi.org/10.
1111/nyas.13873 PMID: 29923606

Qiao H, Soberdn J, Peterson AT. No silver bullets in correlative ecological niche modeling: Insights from
testing among many potential algorithms for niche estimation. Meth. Ecol. Evol. 2015; 6: 1126—1136.

Araujo MB, New M. Ensemble forecasting of species distributions. Trends Ecol. & Evol. 2007; 22: 42—
47.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237527  August 18, 2020 16/18


http://dx.doi.org/10.2307/2656649
http://www.ncbi.nlm.nih.gov/pubmed/10947997
https://doi.org/10.1002/fedr.201300011
https://doi.org/10.1007/s00606-013-0804-z
https://doi.org/10.2307/3668269
https://dx.doi.org/10.11646/phytotaxa.249.1.4
https://doi.org/10.1002/joc.1276
https://doi.org/10.4081/gh.2014.19
http://www.ncbi.nlm.nih.gov/pubmed/25545939
https://doi.org/10.1002/ecs2.1825
https://www.R-project.org/
https://doi.org/10.1016/j.flora.2012.01.009
https://doi.org/10.1016/j.flora.2012.01.009
https://doi.org/10.1111/nyas.13873
https://doi.org/10.1111/nyas.13873
http://www.ncbi.nlm.nih.gov/pubmed/29923606
https://doi.org/10.1371/journal.pone.0237527

PLOS ONE

Climate change impact on distribution of Dianthus polylepis

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

Cobos ME, Peterson AT, Barve N, Osorio-Olvera L. kuenm: An R package for detailed development of
ecological niche models using Maxent. Peerd. 2019; 7: €628. hitps://doi.org/10.7717/peer|.6281.

Soberon J, Peterson AT. Interpretation of models of fundamental ecological niches and species’ distri-
butional areas. Biodiver. Inf. 2005; 2: 1-10. https://doi.org/10.17161/bi.v2i0.4.

Barve N, Barve V, Jiménez-Valverde A, Lira-Noriega A, Mher SP, Peterson AT, et al. The crucial role of
the accessible area in ecological niche modeling and species distribution modeling. Ecol. Modell. 2011;
222:1810-1819.

Warren DL, Seifert SN. Ecological niche modeling in Maxent: the importance of model complexity and
the performance of model selection criteria. Ecol. Appl. 2011; 21: 335-342. https://doi.org/10.1890/10-
1171.1.

Peterson AT, Papes M, Soberdn J. Rethinking receiver operating characteristic analysis applications in
ecological niche modeling. Ecol. Modell. 2008; 213: 63-72. https://doi.org/10.1016/j.ecolmodel.2007.
11.008.

Peterson AT. Mapping Disease Transmission Risk in Geographic and Ecological Contexts. John Hop-
kins University Press, Baltimore, MD; 2014.

Peterson AT, Soberé6n J, Sanchez-Cordero V. Conservatism of ecological niches in evolutionary time.
Science. 1999; 285: 1265—1267. https://doi.org/10.1126/science.285.5431.1265 PMID: 10455053

Mayor JR, Sanders NJ, Classen AT, Bardgett RD, Clément J-C, Fajardo A. et al. Elevation alters eco-
system properties across temperate treelines globally. Nature. 2017; 542: 91-95. https://doi.org/10.
1038/nature21027 PMID: 28117440

Mousaei Sanjerehei M, Rundel PW. The impact of climate change on habitat suitability for Artemisia sie-
beriand Artemisia aucheri (Asteraceae)—a modeling Approach. Pol. J. Ecol. 2017; 65: 97-109. https://
doi.org/10.3161/15052249PJE2017.65.1.009.

Robiansyah I. Assessing the impact of climate change on the distribution of endemic subalpine and
alpine plants of New Guinea. Songklanakarin J. Sci. Technol. 2018; 40: 701-709.

Lépez-Jurado J, Mateos-Naranjo E, Garcia-Gastafio JL, Balao F. Conditions for translocation of a key
threatened species, Dianthus inoxianus Gallego, in the southwestern Iberian Mediterranean forest. For.
Ecol. Manage. 2019b; 446: 1-9, https://doi.org/10.1016/j.foreco.2019.05.008.

Shaw RG, Etterson JR. Rapid climate change and the rate of adaptation: insight from experimental
quantitative genetics. New Phytol. 2012; 195: 752—65. https://doi.org/10.1111/j.1469-8137.2012.
04230.x PMID: 22816320

Tibbets CA, Dowling TE. Effects of intrinsic and extrinsic factors on population fragmentation in three
species of North American minnows (Teleostei: Cyprinidae). Evolution. 1996; 50: 1280—1292. https:/
doi.org/10.1111/j.1558-5646.1996.tb02368.x PMID: 28565290

Kérner C. Alpine Plant Life: Functional Plant Ecology of High Mountain Ecosystems. 2" edn. Springer,
Berlin; 2003.

Bradshaw WE, Holzapfel CM. Evolution of animal photoperiodism. Annu. Rev. Ecol. Evol. Syst. 2007;
38: 1-25. https://doi.org/10.1146/annurev.ecolsys.37.091305.110115.

Butiuc-Keul A, Craciunas C, Goia |, Farkas A, Jarda L, Cristea V. Genetic structure of populations of
several endangered and endemic Dianthus species revealed by microsatellite markers. Acta Bot.
Croat. 2018; 77: 181-188. https://doi.org/10.2478/botcro-2018-0022.

Normand S, Treier UA, Randin C, Vittoz P, Guisan A, Svenning J-C. Importance of abiotic stress as a
range-limit determinant for European plants: insights from species responses to climatic gradients.
Glob. Ecol. Biogeogr. 2009; 18: 437-449. https://doi.org/10.1111/j.1466-8238.2009.00451 ..

Gadgil M. Dispersal: population consequences and evolution. Ecology.1971; 52: 253-261. hitps://doi.
0rg/10.2307/1934583.

Rodriguez C, Navarro T, El-Keblawy A. Covariation in diaspore mass and dispersal patterns in three
Mediterranean coastal dunes in southern Spain. Turk. J. Bot. 2017; 41: 161-170. https://doi.org/10.
3906/bot-1602-26.

Berberian M, King GCP. Towards a paleogeography and tectonic evolution of Iran. Can. J. Earth Sci.
1981; 18:210-265. https://doi.org/10.1139/e81-019.

Stdcklin J. Structural history and tectonics of Iran: a review. A.A.P.G. Bull. 1968; 52: 1229-1258.

Manafzadeh S, Staedler YM, Conti E. Visions of the past and dreams of the future in the Orient: the
Irano-Turanian region from classical botany to evolutionary studies. Biol. Rev. 2016; 92: 1365—1388.
https://doi.org/10.1111/brv.12287 PMID: 27349491

Stockwell DRB, Peterson AT. Effects of sample size on accuracy of species distribution models. Ecol.
Modell. 2002; 148: 1—13. https://doi.org/10.1016/S0304-3800(01)00388-X.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237527  August 18, 2020 17/18


https://doi.org/10.7717/peerj.6281
https://doi.org/10.17161/bi.v2i0.4
https://doi.org/10.1890/10-1171.1
https://doi.org/10.1890/10-1171.1
https://doi.org/10.1016/j.ecolmodel.2007.11.008
https://doi.org/10.1016/j.ecolmodel.2007.11.008
https://doi.org/10.1126/science.285.5431.1265
http://www.ncbi.nlm.nih.gov/pubmed/10455053
https://doi.org/10.1038/nature21027
https://doi.org/10.1038/nature21027
http://www.ncbi.nlm.nih.gov/pubmed/28117440
https://doi.org/10.3161/15052249PJE2017.65.1.009
https://doi.org/10.3161/15052249PJE2017.65.1.009
https://doi.org/10.1016/j.foreco.2019.05.008
https://doi.org/10.1111/j.1469-8137.2012.04230.x
https://doi.org/10.1111/j.1469-8137.2012.04230.x
http://www.ncbi.nlm.nih.gov/pubmed/22816320
https://doi.org/10.1111/j.1558-5646.1996.tb02368.x
https://doi.org/10.1111/j.1558-5646.1996.tb02368.x
http://www.ncbi.nlm.nih.gov/pubmed/28565290
https://doi.org/10.1146/annurev.ecolsys.37.091305.110115
https://doi.org/10.2478/botcro-2018-0022
https://doi.org/10.1111/j.1466-8238.2009.00451.x
https://doi.org/10.2307/1934583
https://doi.org/10.2307/1934583
https://doi.org/10.3906/bot-1602-26
https://doi.org/10.3906/bot-1602-26
https://doi.org/10.1139/e81-019
https://doi.org/10.1111/brv.12287
http://www.ncbi.nlm.nih.gov/pubmed/27349491
https://doi.org/10.1016/S0304-3800(01)00388-X
https://doi.org/10.1371/journal.pone.0237527

PLOS ONE Climate change impact on distribution of Dianthus polylepis

84. Wisz MS, Hijmans RJ, Li J, Peterson AT, Graham CH, Guisan A, NCEAS Predicting Species Distribu-
tions Working Group. Effects of sample size on the performance of species distribution models. Divers.
Distrib. 2008; 14: 763-773. https://doi.org/10.1111/j.1472-4642.2008.00482.x.

85. Shcheglovitova M, Anderson RP. Estimating optimal complexity for ecological niche models: a jackknife
approach for species with small sample sizes. Ecol. Modell. 2013; 269: 9—17.

86. Huntley B, Barnard P, Altwegg R, Chambers L, Coetzee BWT, Gibson L, et al. Beyond bioclimatic enve-
lopes: dynamic species’ range and abundance modelling in the context of climatic change. Ecography.
2010; 33:621-626. https://doi.org/10.1111/j.1600-0587.2009.06023..x.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237527  August 18, 2020 18/18


https://doi.org/10.1111/j.1472-4642.2008.00482.x
https://doi.org/10.1111/j.1600-0587.2009.06023.x
https://doi.org/10.1371/journal.pone.0237527

