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Introduction

Within a few decades, the species habitat was reshaped 

at an alarming rate by climate change, leading to mass 

extinction, especially for sensitive species [1]. Biodiver-

sity, agricultural production, and food security are pre-

dicted to alter expressively in response to a changing 

future climate globally [2, 3]. For example, high-diverse 

ecosystems in Melanesia Islands, which have the most 

diversified terrestrial ecosystems on the planet and hold 

more than half of the world’s coral species, have been vul-

nerable to climate change, habitat degradation, fragmen-

tation, and loss over the last 50 years [4]. De Frenne et al. 

[5] revealed how forest microclimates will be influenced 

by climate change by exploring the interactions with 
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Abstract

Within a few decades, the species habitat was reshaped at an alarming rate followed by climate change, leading to 

mass extinction, especially for sensitive species. Species distribution models (SDMs), which estimate both present 

and future species distribution, have been extensively developed to investigate the impacts of climate change on 

species distribution and assess habitat suitability. In the West Asia essential oils of T. daenensis and T. kotschyanus 

include high amounts of thymol and carvacrol and are commonly used as herbal tea, spice, �avoring agents and 

medicinal plants. Therefore, this study aimed to model these Thymus species in Iran using the MaxEnt model 

under two representative concentration pathways (RCP 4.5 and RCP 8.5) for the years 2050 and 2070. The �ndings 

revealed that the mean temperature of the warmest quarter (bio10) was the most signi�cant variable a�ecting the 

distribution of T. daenensis. In the case of T. kotschyanus, slope percentage was the primary in�uencing factor. The 

MaxEnt modeling also demonstrated excellent performance, as indicated by all the Area Under the Curve (AUC) 

values exceeding 0.9. Moreover, based on the projections, the two mentioned species are expected to undergo 

negative area changes in the coming years. These results can serve as a valuable achievement for developing 

adaptive management strategies aimed at enhancing protection and sustainable utilization in the context of global 

climate change.
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land use changes across different biomes. �eir results 

indicate the importance of global warming to ecological 

functions in local habitats, and biodiversity and ecosys-

tem services cannot be ignored. Forecasting the impact 

of climate change on plant communities is an impor-

tant area of study because it plays a crucial role in alert-

ing scientists to make informed decisions in the face of 

future crises [6, 7]. Many new methods have been used 

to explore the species distribution pattern on the basis 

of global warming scenarios. Understanding how species 

will respond to climate change, including their distribu-

tion under future climate change scenarios, is vital for the 

effective management and conservation of biodiversity 

[8]. Species distribution models (SDMs) have been used 

extensively, with remarkable success, in understanding 

the influence of climate change on potential distribution 

of species [9, 10]. Among SDMs, the maximum entropy 

model (MaxEnt), which has shown superior performance 

compared to other models when dealing with limited 

sample sizes and presence-only data [11–13], has been 

widely used to assess ecological requirements, environ-

mental responses, and habitat suitability of species. Iran 

with about 1.65 million square kilometer area, located on 

the Iranian Plateau, is a large country and after Turkey is 

the richest country of plant diversity in the Middle East 

[14]. Traditional medicine has always been very impor-

tant in the Iranian culture and traditions, documented 

by many historical books describing Iranian traditional 

medicine as one of the oldest and richest alternative 

medicines [15]. Several valuable medicinal plants such as 

�ymus spp. distributed in Iran’s meadows [16]. Because 

they contain high levels of thymol and carvacrol, T. dae-

nensis Celak and T. kotschyanus Boiss. & Hohen are 

valuable species in the genus [17, 18]. �e populations 

of these species have severely declined in recent years, 

probably as a result of climate changes as well as exces-

sive harvesting for food and medical purposes. So, under-

standing how species will adapt to climate change (e.g., 

how they will be distributed in future climate change 

scenarios) is crucial for effective biodiversity manage-

ment and conservation [10, 19]. While SDMs have been 

widely employed for various purposes in Iran [20–24], to 

the best of the authors’ knowledge, the majority of prior 

studies on mentioned species were carried out locally, 

and no research has investigated the impact of climate 

change on the distribution pattern of T. daenensis and T. 

kotschyanus in the scale of Iran [21, 25–31]. As a result, 

the current study was aimed at achieving the following 

goals for the aforementioned �ymus species in Iran: 

(1) Identifying the most important climatic and ecologi-

cal variables influencing the distribution pattern of these 

species; (2) predicting the appropriate areas of the �y-

mus spp. distribution pattern in Iran based on current 

climatic/environmental variables; (3) estimating possibly 

appropriate areas and �ymus spp. change trends under 

different climate conditions in the 2050s and 2070s; (4) 

Achievement to the aims provide valuable information 

for decision-makers involved in the future conservation 

planning.

Materials and methods

Study area

�e study area is located within Iran and spans a vast 

surface area of 1.65  million square kilometers between 

44°-64° E latitude and 25°-40° N longitude. Iran, situated 

in the arid zone of Middle East, holds the distinction of 

being the second-largest nation in the region. Iran’s alti-

tude ranges from − 27  m above sea level (m.a.s.l) in the 

Caspian Sea basin to 5,670 m.a.s.l in the Alborz Moun-

tain range. �e country experiences an average annual 

rainfall of around 250 mm, as reported by Jamshidi and 

Samani [32]. �e soil, topography, elevation, and water 

availability all affect the vegetation’s character. Iran with 

more than 8,000 species of vascular plants is the subject 

of this study. Over 30% of these species are endemic of 

Iran [33]. �e country has a tenth of its land covered in 

forests [34]. �ere are several broad-leaved evergreens 

and broad-leaved deciduous trees in the area including; 

Carpinus betulus L. Juglanse regia L., Ulmus glabra Hud-

son, Tilia platyphyllosa Scop, Quercus castaneaefolia C. 

A. Mey, and Fagus orientalis Lipsky and thorny shrubs 

are also abundant. Woodlands, together with Ulmus 

minor Miller., Pyrus spp., Celtis australis L., Juglanse 

regia, Pistacia atlantica Desf., Astragalus spp. Ferula spp. 

and Amygdalus scoparia Soach. cover the Zagros Moun-

tains. �is area is a hot spot for crop wild relative and 

habitats of some medicinal plants such as �ymus spp 

[35, 36]. �e ravines are host to many different species 

of creepers as well as Salix excelsa S. G. Gmelin, Popu-

lus nigra L., and Platanus orientalis L. On the intermedi-

ate dry plateau, thin stands of Juniperus excelsa M.Bieb., 

Prunus lycioides (Spach) C.K.Schneid., Berberis vulgaris 

L., Cotoneaster spp., and wild fruit trees are found. In the 

steppes, thorny plants like Astragalus spp. and Acantho-

limon spp. make up the ground cover, while in the hills 

and arid plains, medium altitudes are habitat to species 

of Artemisia spp., or wormwood. Below 900  m.a.s.l., 

Ziziphus spina-chirsti (L.) Willd. Accacia spp. and scat-

tered plants are abundant. �e water-retaining desert 

dunes support dense colonies of vegetation—waters, 

whether surface or subsurface, flow through forests. Vitis 

vinifera L., Tamarix spp., Phoenix dactylifera L., Myrtus 

communis, Nerium oleander L., and Salix spp., are all 

supported by desert [37].

Species occurrence data

�e genus �ymus, belonging to the Lamiaceae fam-

ily and includes more than 215 species worldwide, is 
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presented in Iranian flora by 18 species [38, 39]. �ymus 

species are mainly found in Iran’s western and northern 

highlands, including West Azerbaijan, East Azerbai-

jan, Ardabil, Zanjan, Kurdistan, Mazandaran, Golestan, 

Tehran, Hamadan, Markazi, and North Khorasan prov-

inces [38, 39]. �e carminative, digestive, antispasmodic, 

anti-inflammatory, emmenagogic, and tonic proper-

ties of thyme leaves and flowering parts are widely used 

in the folk medicine [40–42]. Essential oils are a group 

of remarkable substances found in �ymus spp. that 

have antifungal, phytotoxic, and insecticidal properties, 

encouraging their investigation and prospective usage in 

agricultural and food-related fields. T. daenensis Celak 

and T. kotschyanus Boiss. & Hohen, (Fig. 1) essential oil 

contains more than 60% of the valuable thymol and car-

vacrol compound [17, 18].

T. daenensis is a bushy perennial plant characterized by 

little hairs. It typically grows to a height of 15–30 cm and 

has opposite lanceolate to linear leaves with 18–20 mm 

long and 2–5 mm wide. Leaves have 2–3 pairs of dorsal 

vines. �e inflorescence can be found at the end of the 

stem branches and consists of spherical or elongated 

clusters of reddish flowers. �e calyx measures approxi-

mately 3–4.5 mm, tubiform or campanulate. �e corolla 

is bilobed and measures 5–6 mm [38].

T. kotschanus is a perennial woody pulvinate plant with 

dense branches. It typically grows to a height of 6–12 cm 

and has opposite ovate leaves with 8–17  mm long and 

4.5–7  mm wide. �e inflorescence can be found at the 

end of the stem branches and consists of spherical clus-

ters of white flowers. �e calyx measures approximately 

4.5–6 mm, tubiform or more and less campanulate. �e 

corolla is bilobed and measures 6–7 mm [38].

�e presence points of the stated species were identi-

fied through an extensive range of sources, including 

direct field research, historical data available in the her-

baria of HSBU, IRAN and TARI, (the herbarium acro-

nyms follow the study of [43] and literature review [38, 

39] [www.gbif.org]. It is essential to note that all points 

obtained from the literature and herbaria were con-

firmed through field verification. As reliable absence 

data for species distribution were not available, this 

study relied solely on presence data. After collecting the 

data occurrence, in order to avoid spatial autocorrela-

tion among occurrence points, any points less than 1 km 

was removed initially and before modelling. For remove 

duplicate points we filtered occurrence data by randomly 

selecting a presence point within a single grid cell (i.e., 

1 × 1  km) using ‘sdm’ package in R environment (Ver. 

4.2.2). Finally, for T. kotschyanus, 32 occurrence points 

and for T. daenensis, 48 occurrence points were used to 

generate SDMs respectively (Fig. 2).

Environmental variables

A total of 37 environmental variables including biocli-

matic (www.worldclim.org), edaphic (www.soilgrid.org), 

and topographic variables (www.worldgrids.org) were 

initially selected at a spatial resolution of 30 arc-seconds 

Fig. 1 Photographs of T. kotschyanus (A) and T. daenensis (B) in the habitat
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(approximately 1 × 1  km). Afterwards, according to the 

ecology of species, available literature [17, 25, 29, 30, 32–

35, 41, 42], expert judgment and correlation test, only five 

climatic factors, and one topographic factor were cho-

sen to distribution modeling of the two �ymus species 

(Table 1). It is essential to be indicated that the co-linear-

ity among variables was assessed using Pearson’s correla-

tion coefficient (r), as suggested by previous researchers 

[6, 11, 44–47]. If two variables exhibited a high correla-

tion (r>|0.70|), one of them was excluded to mitigate co-

linearity [46].

Distribution modeling

�e MaxEnt model [48] was utilized for modeling the 

current and future habitat suitability of species. MaxEnt 

(Ver. 1.0–3) was utilized through the “dismo” package 

(Ver.1.3-9( (https://rspatial.org/raster/sdm/; Hijmans et 

al. [49] in the R programming environment (Ver. 4.2.2) 

[50]. �e models were evaluated using 10-fold cross-val-

idation to estimate errors and assess model consistency 

[51, 52]. In cross-validation, data were randomly divided 

into ten parts; nine parts were used for model fitting, and 

the fitted model was then used to evaluate the holdout 

part [53, 54]. �e equal training sensitivity and speci-

ficity of MaxEnt output were considered as the proper 

threshold for the model’s prediction [55]. For predict-

ing the current and future suitability, a single MaxEnt 

model with a full dataset was re-fitted. It is essential to 

be indicated that the process of modeling was repeated 

ten times with 10,000 background points in order to rep-

resent the variation in the environmental covariates and 

have stable model predictive performance [56].

To represent the future potential distributions of the 

�ymus spp., projected climate variables for 2050 (aver-

age for 2041–2060) and 2070 (average for 2061–2080) 

were utilized. �e projections were derived from the 

average of 16 general circulation models (GCMs) under 

two greenhouse-gas emissions scenarios: semi-optimistic 

(RCP4.5) and pessimistic (RCP8.5). In fact, in order to 

reduce the uncertainty, the average of 16 general circu-

lation models (GCMs) was applied. �e environmental 

parameters were standardized to a common spatial reso-

lution of 30  s of latitude/longitude. Suitability maps for 

each species under present and future climate scenarios 

were generated using ArcGIS software (Ver. 10.2).

Model evaluation

To assess the accuracy of the modeling results, we com-

puted the area under the curve (AUC) of the receiver 

operating characteristic (ROC) [57]. �e AUC score is a 

powerful tool for measuring model performance because 

of its independence from threshold selection [58, 59]. �e 

AUC shows the power of the model to discriminate pres-

ences from a random background [60]. �e AUC ranges 

Fig. 2 Distribution pattern of the two Thymus spp. in Iran (based on elevation map)
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between 0 and 1.0, with 0.5 showing a random prediction 

performance and 1.0 indicating perfect discrimination. 

Values under 0.50 indicate models worse than random 

[46]. �e percent contribution of the Jackknife test was 

used to assess the relative importance of each environ-

mental variable influencing the models of specific spe-

cies under current climate conditions [48], which is the 

best index for small sample sizes [61]. �is analysis helps 

to understand the relative importance of different envi-

ronmental factors in shaping the species’ habitats [62]. 

Additionally, the permutation importance (PI) was used 

to indicate the model’s dependence on each variable [48].

Results

The model evaluation

According to the AUC values, the modeling performance 

for the studied species was 0.927 for T. daenensis and 

0.957 for T. kotschyanus according to training data (Fig-

ures not shown). �e AUC showed that the performance 

of the model was excellent [63].

Variables importance

Following the Pearson correlation test, each species was 

retained for modeling, with a total of six variables cho-

sen for two species (Table 2). Given the present contribu-

tion (PC) values, the importance of the variables for each 

species varied remarkably (Table  2). �e most impor-

tant variables for T. daenensis were mean temperature 

of warmest quarter (bio10) (52.7%), the slope percent-

age (20.6%), and precipitation of driest month (bio14) 

(18.3%) (Fig.  3 panels B, D and F; Table  2). In addition, 

the model indicated that slope percentage (60.8%) and 

mean temperature of the coldest quarter (bio11) (28.5%) 

were the most restricting environmental variables based 

on the existing distribution pattern of T. kotschyanus 

(Fig.  3 panels F and C; Table  2;). According to Table  2; 

Fig.  3A and C, min temperature of the coldest month 

(bio6) was unique to T. daenensis, and mean temperature 

of the coldest quarter (bio11) was unique to T. kotschya-

nus, whereas the other four of the variables were shared 

by both species (Fig. 3).

Predicted current potential distribution pattern

MaxEnet modeling indicates that the current most suit-

able habitats for T. daenensis (Fig. 4A) are mountains of 

northwest and north of Iran (i.e., Qazvin, Zanjan, Kord-

estan, Kermanshah, Ilam, Hamadan, Markazi, Lorestan, 

Esfahan, Chaharmahal and Bakhtiari, Kohgiloyeh and 

Buyer Ahmad, Fars, Kerman, South Khorasan and Razvi 

Khorasan Provinces). �e current most suitable habitats 

for T. kotschyanus (Fig.  4B) are mountains of west and 

northwest and north of Iran (i.e., West Azarbaijan, Eest 

Azarbaijan, Ardabil, Kordestan, Lorestan, Hamadan Teh-

ran, Gilan, Mazandran, Golestan and North Khorasan 

Provinces). In summary, the current potential range of 

the two species exceeds their actual habitat by a substan-

tial margin (Fig. 4).

Predicted future potential distribution pattern

It is obvious that there is a gradual transition between 

scenarios and time ranges for each species (Figs. 5 and 6). 

Table 1 The most important environmental variables used in 

modeling

variables

Code/Unit Bioclimatic variable Code/Unit Topographic variable

Bio1°C Annual mean 

temperature

Aalt/m Elevation

Bio2°C Mean diurnal range 

(max. Temp – min. 

Temp)

Slope/% Slope

Bio3°C Isothermality (Bio2/

Bio7)×100

Aspect (radian) Aspect

Bio4°C Temperature sea-

sonality (SD × 100)

Solar/ kJ m-2 day-1 Solar 

radiation

Bio5°C Max temperature of 

warmest month

Code/Unit Edaphic variable

Bio6°C Min temperature of 

coldest month

Depth /cm Depth

Bio7°C Temperature 

annual range (Bio5-

Bio6) Bio7 (°C)

Depth.to.bedrock /cm Depth to 

bedrock

Bio8°C Mean temperature 

of wettest quarter

Cation.exchange.capac-

ity /cmol/km

Cation 

exchange 

capacity

Bio9°C Mean temperature 

of driest quarter 

Bio9 (°C)

Bulk density kg/dm3 Topsoil 

Bulk 

density

Bio10°C Mean temperature 

of warmest quarter

Soil Soil

bio11°C Mean temperature 

of coldest quarter

Clay.content /% Clay 

content

Bio12mm Annual 

precipitation

Silt.content % Silt 

content

bio13mm Precipitation of 

wettest month

Sand.content % Sand 

content

Bio14mm Precipitation of dri-

est month

Soil.organic.carbon.

content %

Topsoil 

organic 

carbon 

content

Bio15mm Precipitation 

seasonality

Coarse.fragments / 

cm3/dm3

Volumet-

ric fraction 

of coarse 

fragments

Bio16mm Precipitation of 

wettest quarter

Geology Geology

Bio17mm Precipitation of 

driest quarter

Land Land

Bio18mm Precipitation of 

warmest quarter

Land use Land use

Bio19mm Precipitation of cold-

est quarter

PH.index PH.index

Note The italicized variables, were used in the two Thymus spp. modeling
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Cwompared to the current potential habitat, tow �ymus 

spp. are projected to experience negative range changes 

in 2050 and 2070 under different RCP4.5 and RCP8.5 

scenarios (Figures: 5 and 6), albeit with varying percent-

ages (see Table 3). T. daenensis and T. kotschyanus have 

current distribution areas of 484,070 Km2 and 332,231 

Km2, respectively. �ey will face the greatest losses in 

the RCP8.5 scenarios, reaching 41,682 Km2 and 142,805 

Km2, or their distribution ranges decline 91.39% and 

57.02%, respectively (Figs. 5 and 6; Table 3).

In compared to the current condition, provinces such 

as Qazvin, Kermanshah, Markazi, Kohgiloyeh and Buyer 

Ahmad, Fars, Kerman, and South Khorasan will be com-

pletely affected in RCP 8.5_2070, resulting the most 

adverse distribution range changes for T. daenensis, while 

this species’ distribution range will decline in lower alti-

tudes of Zanjan, Kordestan, Lorestan, Hamadan, Esfahan, 

Chaharmahal and Bachtiari, and Razavi Khorasan prov-

inces (Figs. 5 and 6). In contrast, new limited habitats in 

the highlands north of Tehran and south of Mazandaran 

provinces will be suitable for the spread of the aforemen-

tioned species. For T. Kotschyanus distribution range will 

decline in lower altitude parts of West Azarbaijan, East 

Azarbaijan, Ardabil, Kordestan, Lorestan, Hamadan Teh-

ran, Gilan, Mazandran, Golestan, and North Khorasan 

provinces, and will be restricted to highlands of the men-

tioned areas (Fig. 6).

Discussion

Environmental variables a�ecting the distribution pattern of 

Thymus spp

It is crucial to recognize the key environmental factors 

affecting the geographical distribution pattern of a spe-

cies in terms of an ecological perspective [64, 65]. Based 

on the value of contribution, the projected findings 

revealed that the variables involved in suitable habitat for 

the two �ymus species were as follows. Slope percent-

age and mean temperature of the coldest quarter (bio11) 

were the dominant variables influencing distribution pat-

tern of T. Kotschyanus (60.8% and 28.5%) respectively., 

while the mean temperature of the warmest quarter 

(bio10) (52.7%) and slope percentage (20.8%) were the 

dominant variables influencing dispersion pattern of T. 

daenensis (Table 3). According to Esfanjani et al. [66] the 

most important environmental factors affecting distribu-

tion pattern of T. kotschyanus were pH, elevation, pre-

cipitation and temperature variation. Consistent with our 

findings tow studied species are distributed in the slopes 

of the mountainous in the heights of the Iranian and 

Turanian regions (Fig.  3F) and it is very important that 

the soils are well drained [40]. In mountainous areas like 

Iran slope percentage as a key topographic factor is vital 

in regulating the spatial arrangement of soil nutrient, soil 

stability [67, 68], water [69, 70], heat, and sunlight, creat-

ing diverse microclimates with unique soil properties [11, 

71–73]. According to studies conducted in the West and 

North-West of Iran T. kotschyanus grows in spots with 

sandy-loam and sandy clay-loam soils, with annual pre-

cipitation ranging from 161 to 832 mm, mean tempera-

tures ranging from 10.5 to 19.1oC, and elevation varying 

from 1000 up to 3000 m.a.s.l [25, 26, 29, 74]. Consistent 

with our findings, temperature was the most important 

factor influencing the presence of �ymus species, fol-

lowed by elevation and precipitation (for T. kotschyanus, 

precipitation was more important than elevation) [75]. 

According to Larti et al. [25], T. kotschyanus can grow 

in a wide range of elevation, PH, slope, and soil texture, 

particularly in sandy and rocky mountains. �is species 

requires less annual precipitation than T. daenensis and 

is able to grow in arid mountains, but it requires a cold 

winter to grow (Fig.  3C). Corticchiato et al. [76] stated 

that the main factors affecting the distribution pattern 

of �ymus species involve climate, altitude, soil type, soil 

texture, organic matter and calcium content of soil in east 

regions of Spain. Boira & Blanquer [77] pointed out that 

some factors involving elevation, soil texture, and climate 

affect development of �ymus piperella in Spain.

Our finding indicated, mean temperature of the warm-

est quarter (bio10) (52.7%), slope percentage (20.8%) 

and precipitation of the driest month (18.3%) were the 

dominant variable influencing the distribution pattern 

of T. daenensis (see Table  3). According to Arvin et al. 

[78] research, this species occurs in alpine regions at alti-

tudes ranging from 1000 to 2400 m.a.s.l., with an average 

annual temperature of 11.9–17.7 oC, an annual minimum 

temperature of 4.4–10.7 oC, and precipitation ranging 

Table 2 Percent contribution (PC) and permutation importance (PI) of the environmental variables for the Thymus spp

Environmental variable Description T. daenensis T. kotschyanus

PC PI PC PI

Bio6 oC Min temperature of coldest month 0.3 7.3 - -

Bio10 oC Mean temperature of warmest quarter 52.7 67.6 3.4 2.4

Bio11 oC Mean temperature of coldest quarter - - 28.5 73.4

Bio14mm Precipitation of driest month 18.3 15.7 6.1 1.4

Bio19mm Precipitation of coldest quarter 8.1 3.3 1.2 0.8

Slope Slope percentage 20.6 6.1 60.8 22.1

Note Dash (-) denote that some variables do not include for all species
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Fig. 3 Environmental variables for modeling of the Thymus spp. Abbreviations are described in Table 1
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from 200 to 700 mm/year. Altitude, slope percentage and 

minimum mean temperature are important ecological 

variables in the mentioned and other �ymus species dis-

persion pattern [26, 27, 78–80].

Predicting the current distribution potential of Thymus spp

�e MaxEnt model has been widely used in ecology, 

conservation biology, evolutionary biology, and invasive 

species management [48]. Previous studies reported that 

the MaxEnt model was commonly implemented to pre-

dict potential distributions in many plant species in sev-

eral national-scale studies, from Iran [36], Tunisia [81], 

China [82] and east Asia [83]. �ymus spp. are widely 

regarded as one of the most important spices and food 

preservatives in the food industry. Plant characteristics 

such as essential oil content and yield, and physiologi-

cal and morphological traits may be affected by a variety 

of factors including climatic, soil conditions and genet-

ics [75, 80, 84, 85]. �ese characteristics changes clearly 

depend on mean temperature and temperature extremes 

in plant’s ecosystem [80].

�e MaxEnt model results identified that the current 

highly suitable habitats for T. daenensis were mostly in 

the west, center and the northeast of the country but, 

the actual presence range of the species does not include 

the northeast. �ese regions are characterized by eleva-

tion 1000–2500  m.a.s.l, precipitation of driest month 

(bio14) < 10 mm, mean temperature of the warmest quar-

ter between 15 and 28 Co and slope percentage > 3 < 23% 

(see Fig.  3). Nadjafi et al. [86] found that the optimal 

temperature for T. daenensis seeds germination was 

20  °C. Temperatures above the optimum (22  °C) appear 

to be the outcome of secondary dormancy in the seeds 

of the mentioned species. Consistent with our findings 

according to Majd et al. [30] research, the best-growing 

conditions for the aforementioned species are foothills 

with average minimum and maximum temperatures of 

12 and 23 degrees Celsius, followed by mountain areas 

with average minimum and maximum temperatures of 9 

and 24 oC.

Based on modeling suitable habitats for T. kotschya-

nus are in the west, north, and northeast of the country. 

However, the actual presence range of the species does 

not include the northeast (Fig. 3). �ese regions charac-

terized by slope percentage > 5%, altidude > 1500  m.a.s.l 

and mean temperature of the coldest quarter < 5 Co 

(Fig. 6). According to Fig. 4B, regions with high summer 

rainfall are unsuitable for this species’ growth, so in the 

north, regions like the Caspian Sea coast, which has a low 

elevation and high summer precipitation, are not suit-

able for this species’ dispersal. Consist whit our finding T. 

kotschyanus thrives in rocky slopes of the Irano-Turanian 

mountains, where it can reach elevations of up to 3000 m. 

�ese mountains have calcareous sandy loam soils and a 

cold, dry climate [25, 38].

Prediction of the future potential distribution pattern of 

Thymus spp

In compared to the current condition, provinces such as 

Qazvin, Kermanshah, Markazi, Kohgiloyeh and Buyer 

Ahmad, Fars, Kerman, and South Khorasan will be com-

pletely affected in.

In the previous research, it has been observed that 

global climate change influences the future distribution 

pattern of plant species, with varied responses among 

different species [87]. �e MaxEnt model revealed that 

the suitable habitats of the tow �ymus species reduce 

in 2050 and 2070 under semi-optimistic (RCP4.5) and 

pessimistic (RCP8.5) scenarios (Table  3). �e distribu-

tion areas of T. daenensis and T. kotschyanus changed 

Fig. 4 Map for potential current habitat suitability of the Thymus spp in Iran
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the most under the RCP 8.5–2070 scenario. According 

to RCP 8.5–2070, climate change will cause T. daenensis 

to lose approximately 91.39% of its current range, reduc-

ing it from 484,070 to 41,682 km2 (Table  3). While this 

species’ distribution range will decline in lower altitudes 

of Zanjan, Kordestan, Lorestan, Hamadan, Esfahan, Cha-

harmahal and Bachtiari, and Razavi Khorasan provinces 

(Fig. 5). In contrast, new limited habitats in the highlands 

Table 3 The gain, loss, and range change of the two Thymus spp. under semi-optimistic (RCP4.5) and pessimistic (RCP8.5) climate 

change scenarios of 2050 (average for 2041–2060) and 2070 (average for 2061–2080)

Species Scenario Year Current range (Km2) Future range (Km2) Loss Gain Range changes

Km2 % Km2 % Km2 %

T. daenensis 4.5 2050 484,070 167,726 319,162 65.93 2818 0.58 -316,344 -65.35

T. daenensis 8.5 2050 484,070 135,453 351,820 72.68 3203 0.66 -348,617 -72.02

T. daenensis 4.5 2070 484,070 114,698 371,864 76.82 2492 0.51 -369,372 -76.31

T. daenensis 8.5 2070 484,070 41,682 444,446 91.81 2058 0.43 -442,388 -91.39

T. kotschyanus 4.5 2050 332,231 215,812 116,426 35.04 7 0.0 -116,419 -35.04

T. kotschyanus 8.5 2050 332,231 213,389 118,870 35.78 28 0.01 -118,842 -35.77

T. kotschyanus 4.5 2070 332,231 180,953 151,283 45.54 5 0.01 -151,278 -45.53

T. kotschyanus 8.5 2070 332,231 142,805 189,428 57.02 2 0.0 -189,426 -57.02

Note Dash (-) refer to negative range change

Fig. 5 The future distribution map changes of Thymus daenensis in 2050 (average for 2041–2060) and 2070 (average for 2061–2080) under semi-optimis-

tic (RCP4.5) and pessimistic (RCP8.5) scenarios
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north of Tehran and south of Mazandaran provinces will 

be suitable for the spread of the aforementioned species. 

Climate change, as projected by the RCP 8.5–2070 sce-

nario, will reduce T. kotschyanus’ distribution range by 

57%, from 332,231 to 142,805 km2 (Table 3). T. Kotschya-

nus distribution range will decline in lower altitudes of 

West Azarbaijan, East Azarbaijan, Ardabil, Kordestan, 

Lorestan, Hamadan Tehran, Gilan, Mazandran, Golestan, 

and North Khorasan provinces, and will be restricted to 

highlands of the mentioned areas (Fig. 6).

�ymus species have a limited ecological niche and 

do not prefer marginal habitats [27]. A diverse range of 

mountainous plant communities have been reported 

around the world [88, 89]. A logical consequence is a 

shift in the spatial distribution of the species towards 

higher elevations to benefit from higher precipitation 

and cooler temperatures, resulting in more adapted plant 

development. Previous research has also detected an 

elevational shift in plant community distribution pattern 

under climate change scenarios in Iran and around the 

world, especially in mountain habitats [21, 88, 90]. �e 

investigated �ymus species’ habitats are declining in the 

foothills, particularly at lower latitudes. T. kotschyanus is 

an alpine species found in sandy and rocky mountains at 

elevations ranging from 1500 to 3000 m above sea level. 

Temperature is the most important factor influenced the 

presence of �ymus species, followed by elevation and 

precipitation but for T. kotschyanus, the importance of 

precipitation is greater than elevation [75].

Highland environments remain suitable for alpine spe-

cies, while for T. daenensis cool foothills with annual pre-

cipitation > 250  mm, annual mean temperature < 15  °C, 

annual minimum temperature < 9  °C, and elevation 

ranges between 1670 and 2000 m.a.s.l. are suitable areas 

Fig. 6 The future distribution map changes of Thymus kotschyanus in 2050 (average for 2041–2060) and 2070 (average for 2061–2080) under semi-

optimistic (RCP4.5) and pessimistic (RCP8.5) scenarios
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[30, 78]. As a foothill’s species, climate change is hav-

ing a significant impact on the distribution range of 

the species that are unable to migrate to the highlands. 

Germination behavior is an important part of a species’ 

regeneration strategy [91], and it is influenced by a vari-

ety of inherent and external factors [92, 93]. Tempera-

ture is the most vital of these elements, influencing the 

maximum germination percentage and rate of germi-

nation [94]. If climatic factors such as temperature and 

precipitation change in a region beyond the tolerance of 

a species’ plasticity, changes in species distribution may 

be unavoidable. It has been shown that plant species have 

shifted their altitudinal and latitudinal ranges in response 

to climate change [95], but there is also likely to be a 

rapid increase in extinction risk [96]. Increasing evidence 

indicates that the global average temperature is rising and 

precipitation is declining, in part due to increased green-

house gas emissions [97]. Nadjafi et al. [86] found that 

20 °C was the optimal temperature for T. daenensis seeds. 

It seems that increasing temperature over the optimum 

(22  °C) is the result of secondary dormancy in seeds of 

the species. Based on Sharifi Ashoorabadi et al. [98] stud-

ies highest germination percentage of thyme seeds occurs 

at temperatures ranging from − 4 to 4 degrees, and at 

temperatures ranging from − 8 to more than 4, the ger-

mination ratio decreases significantly. �ymus species are 

most common in cool to moderate annual temperatures 

in elevated area [75]. So, maybe climate change has a 

negative impact on thyme distribution range by reducing 

seed germination.

Plants with wider ecological niches such as T. kotschya-

nus, in particular, will be better able to adapt to climate 

change than species with limited ecological niches like 

T. daenensis [99, 100]. For instance, global warming 

has improved the habitat suitability of Ruscus aculea-

tus in Sardinia [101] and Homonoia riparia in China 

[58]. Future climate change was predicted to result in a 

significant reduction in suitable habitats for many other 

species, including Fritillaria cirrhosa in China [102], 

Artemisia aucheri, A. sieberi, and Daphne mucronata 

in Iran [99, 103]. �is study employed two different cli-

mate change scenarios, RCP 4.5 and RCP 8.5, to evaluate 

the potential impacts of climate change on �ymus spe-

cies in the future. RCP4.5 represents a relatively moder-

ate and plausible scenario, considering greenhouse gas 

emissions mitigation, while RCP8.5 portrays a high-emis-

sion scenario. Considering the substantial differences 

between these two scenarios, the projected outcomes 

for the �ymus species are different. Under the RCP8.5 

scenario, there is a higher projected loss of suitable areas 

for T. daenensis and T. kotschyanus compared to the 

RCP 4.5 scenario for both study periods, as indicated in 

Table  3. �is suggests that the more severe greenhouse 

gas emissions scenario leads to severe adverse effects on 

the suitable habitats of these two �ymus species. How-

ever, range changes, rather than retractions, are the most 

important information to consider when effective con-

servation measures are planned [59, 104].

Research limitations

We must recognize and acknowledge several limitations 

in our study. MaxEnt modeling has proven to be very 

effective at determining habitat use and species distri-

butions for a variety of species and localities. Because it 

relies only on presence data, it lacks many of the com-

plications associated with presence-absence analytical 

methods. MaxEnt modeling has frequently outperformed 

a number of other approaches that rely on presence-only 

data, it is relatively insensitive to spatial errors associ-

ated with location data, and it can produce useful mod-

els with as few as five locations. However, MaxEnt needs 

to develop methodology for selecting the best approxi-

mating model, and establish protocol for assessing habi-

tat selection based on repeated sampling of individuals 

[105]. Another limitation of this research was that the 

chosen set of 6 environmental variables may not encom-

pass all the factors influencing the geographic distribu-

tion pattern of �ymus spp. In other words, apart from 

the selected environmental variables, various other fac-

tors, such as species interactions [106], human activities 

such as over grazing, the habitat fragmentation and other 

land- use changes [107], pasture fire and distance from 

streams [11], may exert a critical influence on the distri-

bution pattern of the �ymus spp. However, it is crucial 

to understand that the predicted suitable habitat area 

from the model may not always perfectly coincide with 

the actual habitat where the species is found [108, 109]. 

�is discrepancy can arise due to uncertainties and inter-

nal assumptions within the species distribution models, 

highlighting the need for further research and consid-

eration of these factors to improve the accuracy of such 

predictions.

Conclusions

�e leaves, flowers, and essential oils of T. daenensis and 

T. kotschyanus are widely used as herbal tea, spices, fla-

voring agents, and medicinal herbs. �ymus oils and 

extracts are also frequently utilized in the pharmaceuti-

cal, perfume, and cosmetic sectors, as well as for flavor-

ing and protecting food products. Climate change has 

significant effects on the suitable habitats of T. kotschy-

anus and T. daenensis, causing these species to lose the 

majority of their distribution range in the future. More 

than half of the �ymus species are still obtained from 

wild land in the country, and they are frequently over-

harvested. �e identification and analysis of appropriate 

habitats for the species production, along with promoting 

the cultivation of these valuable species in these habitats 
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through support programs such as insurance, will have 

multiple benefits. Firstly, it will aid in the restoration of 

the species’ natural habitats by reducing the frequency of 

harvests. Secondly, it will foster an increase in the popu-

lation of these species, thereby reducing the likelihood of 

their extinction. In this regard, it is suggested that large-

scale cultivation of the two �ymus spp. in rangelands is 

required. �e first step to expand cultivation of plants 

is the selection of new desirable areas. we can conclude 

that the best place for the production of quantity effective 

materials this plant in order to attain the best results, is 

the height between 1600 and 2400 m above sea level in 

north of Fars, Eshahan, Hamadan, Kordestan and North 

Khorasan provinces for T. daenensis and for T. Kotschya-

nus, West Azarbaijan, East Azarbaijan, Ardabil, Kord-

estan, Lorestan, Hamadan Tehran, Gilan, Mazandran, 

Golestan, and North Khorasan provinces. Moreover, by 

implementing protected areas in the mentioned prov-

inces, it is possible to preserve the genetic diversity of the 

species and guarantee their survival.
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