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 This study aimed to map the historical geographical range of L. ledebourii in the 
Hyrcanian Forest; assess the current areas inhabited by this species; predict the 
future geographical distribution of this rare species under various climate 
change scenarios; and determine the main climatic factors associated with the 
distribution pattern of L. ledebourii. Lilium ledebourii is a rare plant with a very 
limited and fragmented distribution in the Hyrcanian Forest. A total of 19 spatial 
points were utilized to model the potential distribution of L. ledebourii under 
both current and projected climate conditions. Bioclimatic variables for present-
day conditions were sourced from the CHELSA database, while data for the 
Last Glacial Maximum were obtained from the NCAR-CCSM4 model. For 
future climate scenarios, variables were derived from three different models 
across two distinct projections. The most important variables were precipitation 
in the warmest quarter, precipitation in the coldest quarter, and precipitation 
seasonality. The present potential range of the species covers 40,909 km2, 
forming a long strip in the Hyrcanian area with the highest suitability in the 
mountains. During the LGM, the species potential range was approximately 
16% greater than the current range. Under future conditions, the potential range 
of L. ledebourii is likely to be drastically reduced, and suitability will decrease 
significantly. According to the morphological spatial pattern analysis, the future 
potential range of L. ledebourii will be fragmented in both tested scenarios. The 
connections between these core areas will be very restricted. Considering the 
shrinking of the habitat areas of L. ledebourii due to climate change and the high 
vulnerability of this species in its habitat (grazing, steep slopes, and soil 
erosion), ex situ conservation could represent the most effective approach for 
securing the long-term survival of L. ledebourii within the Hyrcanian Forest. 
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Introduction 

The Changes in global climate patterns have 
created numerous negative impacts on 

ecosystems and species across the planet, 
especially native species, and numerous studies 
are addressing this issue (Zangiabadi et al., 2021). 
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This phenomenon includes more frequent 
extreme weather events, intensified greenhouse 
effects, accelerated melting of glaciers and snow, 
rising sea levels, risks to biodiversity, and a 
greater spread of diseases (Kumar et al., 2021), 
poses significant challenges to species. The 
morphological structures, growth, and 
development patterns of plants can be 
dramatically altered by abiotic factors disrupted 
by climate change, including temperature, 
precipitation, soil conditions, and altitude (Garza 
et al., 2020). These variations also alter the 
diversity and stability of global ecosystems and 
the geographical distribution patterns of plants. 
This forces species to either adapt to changing 
conditions or adjust their geographical ranges; 
otherwise, extinction may occur (Kaky and 
Gilbert, 2019). Locally rare and threatened 
species with restricted populations, limited 
geographic distribution, low genetic diversity, or 
extremely specific habitat requirements are 
typically more vulnerable to extinction than their 
more common counterparts across taxa and 
geographic locations (Yang et al., 2021). 
Lilium ledebourii (Baker) Bioss., commonly 
known as Iranian lily or Susan-e-Chelcheragh, is 
a critically endangered, rare, and endemic 
ornamental plant distributed exclusively in the 
small and fragmented wild areas of the Hyrcanian 
Forest in northern Iran (Shokrollahi et al., 2022). 
The Hyrcanian Forest spans about 1.85 million 
hectares in Iran, characterized by diverse 
topography and climate, with elevations ranging 
from sea level to 2,800 meters (Sagheb-Talebi et 
al., 2016; Alavi et al., 2020). This forest is a 
biodiversity hotspot and serves as a refuge for 
numerous Arcto-Tertiary relict taxa, with unique 
species compositions. Lilium ledebourii is a 
perennial herbaceous plant from the genus Lilium, 
part of the Liliaceae family, which includes 
around 220 genera. The genus Lilium includes 
approximately 110 species with an extensive 
range of more than 7,000 cultivars (Salehi et al., 
2019). These geophytic perennial species are 
found across most cold and temperate 
mountainous regions of the Northern 
Hemisphere, with a primary distribution in Asia, 
North America, and Europe (Gao et al., 2013). A 
notable feature of the Iranian lily is its ability to 
withstand cold temperatures, as it can germinate 
even in snow. For rare and endangered species, 

habitat loss, distribution shifts, and the risk of 
extinction increase due to their limited 
geographical distribution, small population sizes, 
and increased vulnerability to changes in 
environmental status. Therefore, understanding 
the potential impacts of climate change on the 
distribution of these organisms is crucial for 
developing appropriate conservation and 
management strategies to preserve current 
biodiversity and prevent widespread extinctions 
(Qazi et al., 2022). 
Examining the relationship between species 
distribution and the interplay of climate and other 
environmental factors has long been a central 
focus in the field of ecology. The quantification 
of these relationships forms the fundamental basis 
for reveal the extent of the potential ecological 
risk, assess species’ extinction risks and design 
appropriate conservation strategies for adaptive 
management (Buse et al., 2015). Species 
distribution modeling (SDM) has been 
increasingly used as a basis for predicting species 
occurrence under future climate scenarios based 
on environmental data, for prioritizing protected 
areas, for predicting suitable habitats for narrowly 
distributed, rare and threatened plants and for 
inferring the risk of species extinction (da Silva et 
al., 2019). Among the different species 
distribution modeling (SDM) methods, the 
maximum entropy model (MaxEnt) is recognized 
as the most accurate and widely used, and widely 
used model in the study of species-suitable 
geographical distribution prediction (Zhang et al., 
2023). This model is effective for studying the 
effects of climate change on the potential future 
distribution range of species, species richness, 
and endemism hotspots, as well as for estimating 
the extent of occurrence and quality of protection 
of rare species (Qazi et al., 2022). Using 
presence-only data, this model can accurately 
forecast the distribution range of threatened 
species, identify appropriate habitats, prioritize 
conservation efforts, and predict range shifts 
under future climate change scenarios, even with 
small sample sizes. In this study, SDM was 
conducted to (1) Map the historical geographical 
distribution of L. ledebourii in the Hyrcanian 
Forest; (2) assess the current areas inhabited by 
this species; (3) predict the future geographical 
distribution of this rare species under various 
climate change scenarios; and (4) determine the 
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main climatic factors associated with the 
distribution pattern of L. ledebourii. 

Materials and Methods 

Spatial analyses 

In total, 19 spatial points (Fig. 1) were used to 
create models of the species’ potential 
distributions; although this value is low, it may be 
sufficient to make a robust estimation (Van 
Proosdij et al., 2016). 
Bioclimatic variables were obtained from the 
CHELSA database (Karger et al., 2017, 2018) for 
present-day conditions, from the NCAR-CCSM4 
model for the Last Glacial Maximum (LGM; 
Karger et al., 2021), and three models (IPSL-
CM6A-LR, MPI-ESM1-2-HR, and UKESM1-0-
LL) for two future climate scenarios (SSP370 and 
SSP585). For both scenarios, the outputs of the 
three models were averaged to calculate the 
consensus model. To avoid correlations between 
variables, Pearson’s correlation between rasters 
was calculated using the layerStats function from 
the raster package in the R environment (Hijmans, 

2023). After removing the correlated rasters, nine 
variables remained (Table 1). 
 

 
Fig. 1. Spatial points of L. ledebourii in this study: A) 
Locations of the known Lilium ledebourii stands (red 
dots) in the Hyrcanian forest; B) Natural habitats of L. 
ledebourii in western part of the Hyrcanian Forest; B) 
Flowering individual in natural habitat. 

 

Table 1. Importance of all tested variables in the estimated scenarios. Values for the future climatic conditions are 
averaged from three different models.  

 AUC 0.988 0.997 0.988 0.988 
  Scenario 

  Current LGM SSP370 SSP585 
Annual Mean Temperature bio1 1.6 2.3 1.3 1.1 
Mean Diurnal Range bio2 0.8 2.3 0.5 1.1 
Isothermality bio3 0.6 0.5 0.7 0.5 
Temperature Seasonality bio4 4.5 7.1 5.6 4.6 
Mean T of Wettest Quarter bio8 1.7 1.3 1.1 2.4 
Mean T of Driest Quarter bio9 3.3 3.9 2.4 2.5 
Precipitation Seasonality bio15 20.8 15.8 16.4 17.8 
Prec. of Warmest Quarter bio18 40.6 40.0 43.2 43.3 
Prec. of Coldest Quarter bio19 26.2 26.9 28.9 26.8 

 
The parameters of the analyses were calculated 
with the ENMeval package in the R environment. 
The model with the lowest Akaike information 
criterion (AIC) value was chosen (Table S1). The 
potential distribution of L. ledebourii was 
estimated using MaxEnt 3.4.1 software. Each 
scenario was tested as a bootstrap with logistic 
output, a 2.0 regularization multiplier, linear-
quadratic-hinge features, 104 maximum 
iterations, 100 replications, 103 background 
points, and a 10-5 convergence threshold. The 
“random seed” option was used to partition the 
dataset into test and training sets. The accuracy of 

the estimated models was tested with the receiver 
operating characteristic (ROC) curve and area 
under the curve (AUC) (Wang et al., 2007). 
Rasters with MaxEnt suitability values exceeding 
0.2 were utilized as inputs for morphological 
spatial pattern analysis (MSPA) using the 
GuidosToolbox software (Vogt and Riitters, 
2017). This approach allows the species to be 
divided into several spatial classes, which helps to 
understand fragmentation and connection across 
the species’ potential distributions. All the maps 
were prepared using QGIS 3.32.1 ‘Lima’ (QGIS 
Development Team, 2023). 
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Results 

Potential distribution of L. ledebourii 

All models tested exhibited high AUC values 
ranging from 0.988 to 0.997 (Table 1). The most 
influential variable was precipitation during the 
warmest quarter (bio18), contributing over 40% 
to the model's performance, followed by 
precipitation in the coldest quarter (bio19) and 
precipitation seasonality (bio15; Table 1). The 
temperature variables had a minor contribution. 
The present potential range of the species covers 
40,909.6 km2 (Table 2), creating a long strip in the 
Hyrcanian area with the highest suitability (above 
0.8; 4,973.09 km2) in the mountains (Figure 2A). 
The potential range spread through the eastern 
Mazandaran to Golestan, where the analyzed 
species does not occur. 

During the LGM, the species potential range was 
approximately 16% greater than the current range 
(Table 2), with one highly suitable area in 
Mazandaran and a second, smaller suitable area in 
Gilan (Figure 2B). Golestan was almost 
unsuitable for this species during this time. Under 
future conditions, the potential range of the 
species is likely to be drastically reduced, and 
suitability will decrease significantly (Table 2, 
Fig. 2C, D). Similarly, under the climate scenarios 
tested (SSP370 and SSP585), very highly suitable 
areas disappeared completely, while the potential 
range shifted to higher altitudes. In total, under 
the consensus SSP370 model, 10,957.82 km2 
remains suitable, whereas under the SSP585, only 
7,535.95 km2 remains suitable. 
 

 
Table 2. Area of potential range according to the tested scenarios. 

Tested scenario Low (0.2-0.39) Moderate (0.4-0.59) High (0.6-0.79) Very high (≥0.8) Total % of current area 

Current 15 988.96 10 109.43 9 838.12 4 973.09 40 909.60 100% 

LGM 20 850.39 9 943.31 7 119.84 9 428.38 47 341.92 116% 

SSP370 10 110.67 813.23 33.92 0.00 10 957.82 27% 

SSP585 7 022.25 513.70 0.00 0.00 7 535.95 18% 

 
Spatial patterns of the potential range 

According to the MSPA results, under the current 
conditions, the potential range of L. ledebourii 
forms one core area that extends from the borders 
of Iran and Azerbaijan to Golestan (Table 3, Fig. 
3A). During the LGM, there was likely a gap 
between the western and eastern parts of the 
potential range, although some connections may 
have existed in the lowlands (Fig. 2B). In the 
future, the potential range of L. ledebourii will be 
fragmented under both tested scenarios; the main 
core area will remain in Gilan and in the central 
regions of Mazandaran (Fig. 3 C, D). The 
connections between these core areas will be very 
restricted. 

Discussion 

This study demonstrated a high level of accuracy 
for the MaxEnt model applied to L. ledebourii 
occurrence data in the Hyrcanian Forest, with 
AUC values ranging from 0.988 to 0.997. In 
general, the AUC ranged from 0.5 to 1. Model 
predictions infrequently occur in the real world 
and are no better than random expectations when 
the AUC is less than 0.5; failure and poor 
performance are indicated by values between 0.5 
and 0.7, while 0.7 and 0.9 indicate reasonable or 
moderate performance, respectively. A value 
greater than 0.9 indicates high simulation 
accuracy and performance of the model (Zhang et 
al., 2022).  
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Fig. 2. The potential range of L. ledebourii: A) In current conditions; B) During LGM; C) In the consensus SSP370 
scenario; D) In the consensus SSP585 scenario. 
 
Table 3. Theoretical area of particular classes in MSPA analysis for the area with suitability above 0.2. 
 Core Loop Bridge Islet Edge Branch Perforation Total 

Current 35 831.31 363.72 7.56 78.38 4 255.29 332.09 41.25 40 909.60 

LGM 35 560.49 1 365.60 1 346.32 787.10 6 123.87 1 952.27 206.27 47 341.92 

SSP370 6 962.92 275.94 251.91 297.90 2 435.38 689.15 44.62 10 957.82 

SSP585 3 601.67 309.24 237.09 398.58 2 170.90 818.47 0.00 7 535.95 
 
Our findings align with those of Mir et al. (2020) 
(AUC = 0.95) and Dhyani et al. (2021) (AUC = 
0.980), who investigated the potential distribution 
of the endangered Lilium polyphyllum in the 
western Himalayas. However, it is important to 
note that a species' range is influenced not only by 
bioclimatic variables but also by additional 
factors, such as interspecies competition, and the 
estimation of the future range is always highly 
influenced by the model used. Thus, the 
calculated future change in the occupied area 
should be treated as a trend rather than as a precise 
estimation. 
Lilium ledebourii is commonly distributed around 
the timberline of the Hyrcanian Forest. Ecological 
conditions within this zone (Kampfzone) are 

extreme, posing significant challenges to 
survival, growth, and competition (Mayor et al., 
2017), and this altitudinal belt is highly sensitive 
to the impacts of global climate change. 
Numerous studies have documented climatic 
changes occurring at the timberline (Sakio and 
Masuzawa, 2020). In fact, climate change and its 
impact on environmental factors will lead to 
significant or minor changes in species 
geographical ranges, rapidly endangering 
biodiversity worldwide (Bellard et al., 2012). For 
instance, in Japan, climate change has been linked 
to increased vegetation cover and the upward shift 
of the alpine timberline (Sakio and Masuzawa, 
2020). 
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Fig. 3. The MSPA results: A) in current conditions; B) during LGM; C) in the consensus SSP370 scenario; D) in the 
consensus SSP585 scenario. 
 
In this study, precipitation-related bioclimatic 
variables were identified as the primary predictors 
influencing habitat suitability, including 
precipitation in the warmest quarter, which 
accounted for more than 40% of the contribution; 
precipitation in the coldest quarter; and 
precipitation seasonality. The temperature during 
the growing season (Wang et al., 2016) and 
rainfall (Lamarche and Mooney, 2018) are two 
important factors that determine the 
characteristics of the alpine timberline and 
improve growing conditions. This effect has also 
been observed on the northeastern and northern 
slopes of the Himalayas. 
Lilium ledebourii is commonly found in cold and 
temperate mountainous regions across Iran, 
particularly on the eastern slopes of the Alburz 
Mountains. This bulbous perennial herbaceous 
species thrives at elevations reaching up to 1,800 
m above sea level. Its growth cycle begins the 
spring season, concomitantly with the sprouting 
and development stages. The flowers of this 
perennial species blossom during late spring and 
early summer. Prior investigations have 
demonstrated that the optimal temperature range 
for Lilium growth is approximately 18-22 °C (Yin 
et al., 2008). Elevated temperatures (>28 °C) have 

detrimental effects on Lilium growth, leading to 
the appearance of undesirable traits such as 
reduced flower bud count and length. 
Furthermore, cold stress inhibits the growth of lily 
bulbs; in non-hardy taxa, exposure to 
temperatures as low as -6 °C often leads to bulb 
mortality, while at -8 °C, nearly all bulbs die and 
fail to regenerate (Ding et al., 2021). Most lily 
bulbs develop dormancy to withstand unfavorable 
environmental conditions, meaning that seeds 
have immature embryos. Lilium seeds can 
germinate as soon as they experience enough 
rainfall and warm weather in the environment 
(Dhyani et al., 2021).  
According to a previous study, L. ledebourii seeds 
begin germination during a warm period, with 
optimal temperatures between 17–20 °C, 
followed by a chilling requirement of eight to 
fourteen weeks (Dehkaei et al., 2005). In its 
natural habitat, the seed capsules of L. ledebourii 
mature in September; it is likely that some seeds 
begin germinating in late September or early 
October. After overwintering, the true leaf 
emerges in early spring of the following year 
(Dehkaei et al., 2005). This evidence confirms the 
prediction of the model used in this study 
regarding the critical role played by precipitation 
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during the driest month. In this regard, a similar 
finding has been reported for L. polyphyllum in 
the Indian Western Himalayan region (Dhyani et 
al., 2021) . 
First, it should be noted that L. ledebourii in its 
native range (Hyrcanian Forest) seems to occupy 
a rather small climatic space and alpine 
timberline. To better understand how the 
occurrence of the species can change over time, 
its climatic niche should be assessed. In the 
present study, the potential species range during 
the LGM was approximately 16% greater than the 
current range. During the LGM, a probable gap 
existed between the western and eastern regions 
of L. ledebourii's potential range in the Hyrcanian 
forest, while under current conditions, the 
potential species range forms a core area from the 
borders of Iran and Azerbaijan to Golestan, and 
the species spread into previously unsuitable 
areas from Mazandaran to Golestan. Under the 
future conditions of the two tested climate change 
scenarios (SSP370 and SSP585), the potential 
species range is likely to decrease dramatically, 
whereas suitability will decline significantly. 
Areas of very high suitability will disappear 
completely, and the potential range shifts to 
higher altitudes. Plant species cannot adapt 
quickly enough to the speed of observed climate 
change. This is a major cause of changes in their 
geographical ranges (Waldvogel et al., 2020), as 
well as the upward movement of tree lines into 
new habitats from lower to higher elevations and 
upslope (Anderson, 2016), which can lead to 
eventual extinction of species through changes in 
phenology, biological interactions, and nutrient 
regimes (Franklin et al., 2016).  
Evidence is mounting that climate change is 
causing widespread shifts in species distribution 
worldwide, with the scale of these shifts now 
believed to be 2.5 times greater than previously 
reported  (Taheri et al., 2021). Refugial areas 
provide the best opportunities for large-scale and 
long-term survival and persistence of species 
under climate change conditions (Wang et al., 
2023). Several studies have identified declines in 
habitat suitability and shifts in the altitudinal 
distribution of endangered species as key impacts 
of climate change on a global scale, as well as in 
the Hyrcanian Forest region (Yousefzadeh et al., 
2022). The climatic conditions of the Hyrcanian 
Forest exhibit a west-to-east gradient, marked by 

a decline in precipitation from 1,350 mm to 530 
mm, increasing temperature (15 to 17.5 °C), and 
a lengthening dry season (from one to three 
months) across this region (Sagheb Talebi et al., 
2014). The signs of climate change documented 
over the past 20 years include an increase in the 
mean temperature of 0.74 °C at numerous 
synoptic weather stations across northern Iran 
(Attarod et al., 2017).  
Furthermore, projections indicate potential 
decreases of around 9.6% and 19.2% in 
precipitation during the driest month, along with 
increases of approximately 2.9°C and 4.3°C in 
mean annual temperature by 2050 and 2070, 
respectively (Alavi et al., 2019). L. ledebourii 
exhibits rapid growth and is resistant to conditions 
characterized by low light, cold temperatures, and 
extreme cold. One of the main eco-factors that 
affects L. ledebourii habitat suitability and 
distribution is elevation, which is related to its 
inverse relationship with temperature and the 
need for cold in this species for the vernalization 
process and proper flowering in the spring season 
(Saeedifard et al., 2008). According to previous 
studies, the distribution of L. ledebourii has been 
recorded at an altitude ranging from 1350 to 2250 
m (Ghorbanalizadeh and Akhani, 2022). 
Deficiencies in precipitation, escalating 
temperatures, and heatwaves influence the 
susceptibility and hydrological mechanisms of 
the Hyrcanian Forest by increasing water 
consumption and desiccation in the forest, in 
addition to altering the composition of the species 
and the structure of the forest. Thus, the rise in 
mean temperature, as a predicted consequence of 
climate change, clearly promotes the tendency of 
Lilium to shift its ecological niche toward higher 
altitudes.  
The root system of Lilium comprises two types of 
roots: basal roots and stem roots. Located beneath 
the soil surface, the stem roots play a crucial role 
in the growth and development of lily shoots 
(Song, 2017). Lilium ledebourii possesses 
contractile roots, which serve as the foundation 
for the stem and facilitate plant penetration into 
the soil. As a result, deep soil enhances the growth 
and productivity of this species (Amjad and 
Ahmad, 2015). Over time, many lily bulbs are 
gradually pulled deeper into the soil on an annual 
basis until they reach areas with relatively stable 
temperatures. The duration of this contracting 
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process is determined by temperature fluctuations 
on the surface.  
The negative impacts of climate change on 
erosion rates and the depletion of soil organic 
carbo; and changes in soil structure, nutrient 
availability, stability, and the capacity to retain 
water in the topsoil have already been 
substantiated. As a consequence, the phenomenon 
of soil erosion, caused by alterations in climate 
patterns, has the potential to induce a 
deterioration in the habitat suitability for the 
successful establishment of Lilium within the soil. 
As a result, this will lead to a decrease in the 
availability of suitable habitats for this species in 
the future. 
According to biogeographic analyses, Lilium 
most likely originated in East Asia and 
subsequently dispersed to North America, 
Europe, West–Central Asia, and North Asia 
(Shokrollahi et al., 2022). Given that L. ledebourii 
occurs as a relict species, dispersed in small 
populations on cliffs above the tree line, it 
suggests that the current range of this species 
likely served as a refuge for the remnants of large 
preglacial populations (Shokrollahi et al., 2022). 
With an extent of occurrence (EOO) of 10,238 
km² and an area of occupancy (AOO) of 4,900 
km², the conservation status of L. ledebourii is 
classified as endangered (EN) according to IUCN 
categories and criteria. This species can be found 
in subalpine grasslands and forest margins and 
extends to Ardabil, Gilan, Mazandaran, and 
Talish in northern Iran (IUCN, 2019; 
Ghorbanalizadeh and Akhani, 2022). The 
vulnerable status of L. ledebourii, marked by its 
susceptibility to extinction due to factors such as 
indiscriminate grazing and inherently limited 
seed reproductive capacity, poses a significant 
obstacle in the production of high-quality 
reproductive material.  Moreover, the risk of 
extinction for this rare and endangered species has 
grown due to its restricted geographical 
distribution, small population sizes, and increased 
susceptibility to changes in environmental 
conditions. 
The findings of this study offer valuable insights 
that can help advance guidelines for the 
conservation of L. ledebourii. The model 
predictions in the present study indicated 
potential suitable habitats for the preservation of 
L. ledebourii both within and outside its natural 

range. Additionally, these predictions have 
identified regions that could serve as refuges from 
climate change, remaining unaffected by the 
redistribution of L. ledebourii, despite the 
occurrence of climatic alterations. Furthermore, 
the prediction of the distribution range for this lily 
species has highlighted the necessity of 
establishing protected areas and enhancing the 
current reserves in regions that are at high risk due 
to changes in climate. 
Special attention to L. ledebourii is emphasized 
from several aspects: 
1- Small size and isolation of populations: 
Because the habitats of L. ledebourii are very 
small, scattered, and generally in the steep areas 
of the Hyrcanian Forest, many of which are also 
affected by livestock grazing, they are very 
vulnerable and threatened with destruction. 
Additionally, it seems that the gene flow of 
individuals between different habitats has almost 
been cut off, and the isolation of populations 
started a long time ago in the Hyrcanian habitat. 
2- Placement of the habitat on the upper border of 
the timberline: Given that most of the habitats of 
L. ledebourii are situated above the tree line, 
climate change, particularly global warming, 
could have significant implications for this 
species, this species has little maneuverability to 
move to another habitat. Thus, from this 
standpoint, due to the loss of habitat suitability, it 
is under serious threat. 
3- Ex situ conservation: An in situ conservation 
strategy is always preferable for endangered 
species. However, for the several reasons 
mentioned above, ensuring the long-term survival 
of L. ledebourii is recommended as soon as 
possible, and attention should be given to the ex 
situ conservation of this species, especially its 
seeds, from all identified populations. 
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