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Abstract
Changes in environmental factors, human impact, and interactions between them accelerate the extinction of woody species. 
Therefore, conservation programs are needed to protect endangered taxa. However, the relationship between climate, habitat 
fragmentation, and anthropogenic activities and their consequences are still not well understood. In this work, we aimed to 
evaluate the impact of climate change and human population density on the Buxus hyrcana Pojark distribution range, as well 
as the phenomenon of habitat fragmentation. Based on species occurrence data throughout the Hyrcanian Forests (north 
of Iran), the MAXENT model was employed to estimate the potential distribution and suitability changes. Morphological-
spatial analysis (MSPA) and CIRCUITSCAPE were used to assess habitat fragmentation and its connectivity. According 
to the main results obtained from future scenarios, the potential range will significantly decrease due to the lack of suitable 
climatic conditions. Meanwhile, B. hyrcana may not be able to shift in potentially suitable areas because of human influ-
ence and geographic barriers. Under RCP scenarios the extent of the core area would be reduced and the edge/core ratio 
significantly increased. Altogether, we found negative effects of the environmental change and the human population density 
on the continuity of habitats of B. hyrcana. The results of the presented work may improve our knowledge connected with 
in situ and ex situ protection strategies.
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Introduction

Dense forests of the Hyrcanian region in North Iran con-
stitute an important refugium for biodiversity and are very 
rich in endemic plant species (Ghorbanalizadeh and Akhani 
2022; UNESCO World Heritage Centre 2019). This green 
belt between the Caspian Sea and the Alborz Mountains 
is a part of the Euro-Siberian phytogeographic region and 
contains many Arcto-Tertiary relict elements, which are 
remnants of the ancient flora that once covered vast areas 
of Europe (Akhani et al. 2010; Sagheb-Talebi et al. 2014).

One of the important tree species and survivors from the 
Pliocene epoch in the Hyrcanian forests is the Caspian box-
wood tree Buxus hyrcana Pojark (Fig. 1). It is an evergreen, 

slow-growing, long-lived, and shade-tolerant species, which 
can grow as a shrub or a tree up to 12 m tall. Buxus occu-
pies mainly the lowland forests (20–400 m a.s.l.), rarely 
exceeding 1000 m a.s.l. (Sagheb-Talebi et al. 2014). It is 
usually found as part of the understory in the Querco-Bux-
etum community, where it co-occurs with such species as 
Quercus castaneifolia C.A.Mey., Alnus glutinosa L., Acer 
spp., Pterocarya fraxinifolia (Lamb.) Spach, Diospyros lotus 
L., Albizia julibrissin Durazz. and Gleditsia caspica Desf. 
(Mobayen 1970). The taxonomic position of this taxa is not 
entirely clear and it is often treated as a subspecies, Buxus 
sempervirens subsp. hyrcana (Pojark.) Takht. Between B. 
hyrcana and B. sempervirens sensu stricto occurs Buxus 
colchica Pojark., treated as another part of the B. sempervi-
rens complex. Such a pattern with closely related Euxinian 
and Hyrcanian taxa is observed also for genera Ilex L. and 
Hedera L. (Ghorbanalizadeh and Akhani 2022).

Boxwood is listed in the “endangered” category in the 
Red Book of Iran (Jalili and Jamzad 1999). Long-term local 
anthropogenic activity is largely responsible for the defor-
estation and fragmentation of the lowland Hyrcanian forests 
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(Akhani et al. 2010; Leroy et al. 2011; Mahjoori 2002; 
Ramezani et al. 2008). The habitats of valuable trees that 
have been located in the lowlands are faced with overhar-
vesting problems. Habitats of B. hyrcana are no exception to 
this principle since the Buxus was very often logged because 
of its valuable timber (Jalili and Jamzad 1999). Besides, 
boxwood blight disease and box-tree moth, which became a 
growing problem, are additional causes of boxwood stands 
degradation (Salehi Shanjani et al. 2018). These three main 
factors, and in parallel urbanization, afforestation, and 

increased demand in the timber market, have brought not 
only B. hyrcana habitat, but also Hyrcanian lowland forests 
as a whole to the brink of total destruction.

Understanding the links between plant species distribu-
tion and environmental factors provides new information 
on ecosystem stability, allowing us to estimate where spe-
cies will occur in the future (Landi et al. 2018; Wisz et al. 
2013). The climate is an influential factor in terms of regu-
lating spatial patterns of species distribution (Ge et al. 2021; 
Wisz et al. 2013). Ranges of individual plant taxa make up 

Fig. 1   Herbarium sheet (KOR 
12353) from the Herbarium of 
the Institute of Dendrology, Pol-
ish Academy of Sciences with 
a specimen of Buxus hyrcana, 
collected by K. Browicz and J. 
Zieliński. Available digitally at: 
https://​rcin.​org.​pl/​dlibra/​publi​
cation/​204311

https://rcin.org.pl/dlibra/publication/204311
https://rcin.org.pl/dlibra/publication/204311
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the entire vegetation, which is a crucial component of the 
Earth's terrestrial biosphere (Franklin et al. 2016). Today, 
climate change and human activities are accounted as main 
factors leading to vegetation changes (Ge et al. 2021; Yang 
et al. 2022). Quantifying the impact of these factors is now a 
key challenge that must be addressed in the face of ongoing 
land degradation and habitat fragmentation. This can allow 
development of strategies to cope with environmental crises 
(Jiang et al. 2017, 2020; Zheng et al. 2019). In recent years, 
many researchers have studied this field on the global, con-
tinental, national, and regional scales (Cannone et al. 2021; 
Cao et al. 2021; Gang et al. 2017; Ge et al. 2021; Li et al. 
2020).

Hyrcanian forests have been identified as a sensitive and 
endangered area due to climate change, which is connected 
with the possibility of a temperature increase of about 4.3 °C 
by 2070 (Alavi et al. 2019; Alipour et al. 2022; Mahmoodi 
et al. 2023; Taleshi et al. 2019). Recent studies have found 
the negative impact of climatic instability on the ranges of 
many tree species in this region, for example, Ulmus glabra 
Huds. (Mohammadi et al. 2019), Taxus baccata L (Alavi 
et al. 2019; Mahmoodi et al. 2023), Quercus castaneifo-
lia C.A.M (Taleshi et al. 2020), Populus caspica Bornm 
(Alipour et al. 2022) and Gleditsia caspica (Yousefzadeh 
et al. 2022). Parallel with climate change, strong human 
pressure could pose a major threat to the unique biologi-
cal heritage of northern Iran (Lahijani et al. 2008; Leroy 
et al. 2011; Lowe et al. 2005; Shanjani et al. 2010; Young 
et al. 1996). The Iranian Parliament adopted the Five-Year 
Development Plan (FYDPs) and further, Forest’s Breathing 
Plan (FBP), aiming at conserving natural resources and the 
environment (Goushehgir et al. 2022; Mohadjer and Feghhi 
2020). However, it is still possible to observe a decrease in 
the area of Hyrcanian forests and an increase in the exploita-
tion of forest resources (Sagheb-Talebi et al. 2014). There-
fore, forward-looking management requires predictive sys-
tems (Goushehgir et al. 2022) focusing on potential range 
shifts of endangered species from this region to provide 
information for efficient planning for their protection in the 
future (Ahmadi et al. 2020; Alipour et al. 2022; Song et al. 
2021; Taleshi et al. 2019).

Designing an effective conservation strategy for an endan-
gered species, whether ex situ or in situ, is dependent on a 
thorough understanding of its environmental requirements. 
The SDM methods (Species Distribution Modelling), such 
as MAXENT software, use environmental data together with 
localization of species to determine areas suitable for spe-
cies (Phillips et al. 2006). Thus, it is possible to understand 
the evolution of a species' range, identify potential refugia, 
or quantify the impact of future climate change on exist-
ing populations (Sękiewicz et al. 2020, 2022; Tekin et al. 
2022; Varol et al. 2022a; Walas et al. 2019). In parallel to 
modeling potential range, assessing connectivity between 

known stands allows for the identification of barriers and the 
evaluation of the impact of anthropogenic landscape modi-
fications (de Oliveira-Junior et al. 2020; Nor et al. 2017; 
Zetterberg et al. 2010), which should be considered a critical 
factor affecting a variety of ecological phenomena (Fagan 
and Calabrese 2006; Schloss et al. 2012). Maintaining and 
restoring landscape connectivity is essential to counter frag-
mentation, and is one of the conservation planning tools for 
prioritizing areas (Beier et al. 2006; Choe et al. 2021; Correa 
Ayram et al. 2017). Therefore, it is important to consider this 
variable in the context of climate change adaptation (Brost 
and Beier 2012).

Populations of the same species located in different, iso-
lated regions may differ in their response to climatic fac-
tors, as has also been repeatedly observed for woody species 
(Song et al. 2021; Taib et al. 2020). B. sempervirens sensu 
lato may be considered an example of a disjunct range taxon, 
and populations classified as B. hyrcana may be considered 
a group of populations with distinct environmental require-
ments. Several works that focus on determining the poten-
tial range of woody species from Iran have already been 
published (Ahmadi et al. 2020; Alavi et al. 2019; Alipour 
et al. 2022; Haidarian Aghakhani et al. 2017; Taleshi et al. 
2019). There is also an article on the potential range of B. 
sempervirens in Turkey (Varol et al. 2022b). Although there 
exist some works on the distribution of boxwood in Iran 
(Esmailzadeh and Soleymanipor 2016; Soleymanipour and 
Esmailzadeh 2015), so far analysis of the potential range of 
this species has not been conducted. In this study, a potential 
range of B. hyrcana is determined by its bioclimatic niche, 
but also takes into account the linkage between the degree 
of connectivity and the landscape functions. Thus, based on 
occurrence data the objectives of this study were defined 
as follows: (1) modeling the ecological niche to detect the 
potential species distribution for the entire Hyrcanian for-
ests; (2) and at the same time considering morphological 
spatial pattern analysis (MSPA) and structural connectivity 
to illustrate potentially patches of suitable habitat and struc-
tural corridors connected.

Materials and methods

Occurrences of B. hyrcana were collected from the literature 
(Ahangaran 2016; Asadi et al. 2011, 2021; Esmailzadeh and 
Soleymanipor 2016; Esmaeilnezhad et al. 2020; Ghorba-
nalizadeh and Akhani 2022; Hosseinzadeh and Esmailzadeh 
2017; Kakrodi et al. 2019; Khazaeli et al. 2018; Moham-
madzadeh et al. 2019; Roodi et al. 2012; Salehi Shanjani 
et al. 2018; Soleymanipour and Esmailzadeh 2015) and the 
Hyrcanian Forest projects inventory of the Iranian Natu-
ral Resources and Watershed Management Organization 
(NRWO). Further, the “Georeferencer” option from QGIS 



504	 Journal of Plant Research (2023) 136:501–514

1 3

software was used to estimate the populations without exact 
locations (QGIS Development Team 2020). Overall, 80 
species occurrences were collected from the mentioned 
resources (Fig. 2a, Table S1).

Raster data with 19 bioclimatic variables (Table S2) for 
current conditions, future models, and the period of the Last 
Glacial Maximum (LGM, ca. 21 ka) were downloaded from 
the CHELSA database (Karger et al. 2017, 2018, 2021). The 
resolution of these rasters was 30 arc-sec. Three models were 
used for future conditions (climatic conditions in 2070): 
CCSM4 (Gent et al. 2011), MPI-ESM-P (Giorgetta et al. 
2013), and MIROC-ESM (Watanabe et al. 2011). Estima-
tions of the future range of species were conducted for three 
scenarios: RCP2.6 (optimistic, about + 1 °C before the end 
of XXI century), RCP 4.5 (moderate, about + 1.8  °C), and 
RCP 8.5 (pessimistic, about + 3.7 °C) (Collins et al. 2013). 
An additional set of rasters for past climate (Late Holocene, 
4.2–0.3 ka) was downloaded from PaleoClim (Brown et al. 
2018; Fordham et al. 2017). Pearson correlations between 
variables were calculated using the layerStats function from 
the package ‘raster’ in R (Hijmans and van Etten 2012; R 
Core Team 2021). To reduce collinearity between climatic 
factors, ten rasters with strong correlations (> 0.8) were 
dismissed.

MAXENT 3.3.3 k was used to calculate the theoretical 
range of species (Phillips et al. 2006). Each analysis was 
conducted as a bootstrap with 100 replications, 10,000 
iterations, and 10–5 convergence thresholds. A random 
test partition was provided with a “random seed” and 20% 

localities as testing data. The ROC (Receiver Operating 
Characteristic) curve, TOC (Total Operating Characteris-
tic) curve, and AUC (Area Under the Curve) values were 
used for model evaluation (Liu and Pontius Jr 2021; Mas 
et al. 2013; Wang et al. 2007). MAXENT output was vis-
ualized in QGIS 3.16.4 ‘Hanover’ (QGIS Development 
Team 2020).

CIRCUITSCAPE software was applied to outline the 
connectivity of topography and human population density 
in conjunction with B. stands formation of connectivity 
(McRae and Beier 2007). Two analyses have been prepared; 
altitude and human footprint rasters are considered resist-
ance factors (Danielson and Gesch 2011; Venter et al. 2016, 
2018). The results obtained were normalized, and a raster 
of the average resistance was created. A human footprint 
raster was used also to calculate the potential range of spe-
cies (for current and future conditions) with a correction 
to the human population density, according to the formula: 
M*(1-H), where M and H were the suitability and H normal-
ized value of human footprint raster, respectively. Obtained 
rasters were used in further analyses. Range fragmentation 
was estimated using the GuidosToolbox software with two 
methods: Normalized Hypsometric Curve and Entropy Map 
(Vogt and Riitters 2017). The morphological-spatial analy-
sis (MSPA) implemented in the same software was used 
to measure the structure of the species' potential range in 
the study area (Soille and Vogt 2009). This type of analysis 
allows us to categorize the area into different classes such 
as range core, bridges, or edges.

Fig. 2   Predicted potential range of Buxus hyrcana under current and past climatic conditions. a Current range with 80 species occurrence 
records in North of Iran (black dots), b Late Holocene, c last Glacial Maximum
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Results

Model performance and contributions by variables

High AUC values were obtained from both the area under 
the ROC curve (0.989) and the area under the TOC curve 
(0.992), indicating that the models fit the data well (Fig. S1). 
The two most important bioclimatic variables in regional 
modeling are 1) Precipitation of Driest Month (bio14) with 
an average contribution of 77.9%, indicating that a suitable 
range of boxwood requires a humid climate which increases 
the probability of the presence; 2) Minimal Temperature 
of Coldest Month (bio6) (11.5%), which is a limiting fac-
tor in the high altitudes of the Alborz Mountains (Fig. S2, 
Table 1). Other bioclimatic variables (bio 3, 4, 5, 8, 9, 15, 
and 19) contributed less (below 10%).

Potential habitat under current climate change

The potentially suitable habitats of B. hyrcana were mainly 
distributed on the southern coast of the Caspian Sea and 
occupy western (Gilan), central (Mazandaran), and eastern 
(Golestan) parts of the Caspian coastal plain with an area of 

38,699.24 km2 and 745.36 m a.s.l. average altitude (Fig. 2a, 
Table 2). The range edges are located in the Talysh Moun-
tains in Azerbaijan and the westernmost part of Golestan. 
12,441.64 km2 out of the total potential range is estimated 
as highly suitable (> 0.5) (Table 2).

Potential habitat under past climate change

The potential range of B. hyrcana during the Last Glacial 
Maximum was 117% of the current area (Table 2), how-
ever, the spatial distribution of suitable areas was different 
(Fig. 2c). MAXENT estimated the existence of two highly 
desirable climatic refugia, in the western (Gilan) and central 
part (Mazandaran), by an area of 45,284.22 km2 during the 
LGM throughout the Hyrcanian forests; highly suitability 
area of 6,611.62 km2 was detected (Table 2). Contact zones 
do not occur due to barriers created by the Caspian Sea 
and Alburz Mountains. Interestingly, the central refugium 
areas by average altitude (1276.16 m a.s.l.) were located 
higher compared to current conditions (Fig. S3). In the later 
period, during the Late Holocene, the potential range of 
species started resembling the current range in case of the 

Table 1   The contribution of variables (%) used to predict potential range of Buxus hyrcana 

Average values are in bold as they are most significant

Bioclimatic variables Climate scenarios Average

Current RCP 2.6 RCP 4.5 RCP 8.5 LGM LH Current

Isothetmality bio3 1.4 1.1 1.1 1.2 1.3 0.8 1.1
Temperature Seasonality bio4 3.4 3.6 3.4 3.1 3.6 4.4 3.6
Max Temperature of Warmest Month bio5 0.1 0.1 0.2 0.2 0.1 0.0 0.1
Min Temperature of Coldest Month bio6 11.5 11.3 11.4 11.2 10.0 10.2 10.9
Mean Temperature of Wettest Quarter bio8 0.9 0.7 0.9 1.0 0.9 0.9 0.9
Mean Temperature of Driest Quarter bio9 0.3 0.4 0.4 0.4 0.3 1.5 0.5
Precipitation of Driest Month bio14 77.1 77.9 77.7 78.7 78.6 77.7 77.9
Precipitation Seasonality bio15 1.5 1.5 1.8 1.3 1.4 1.6 1.5
Precipitation of Coldest Quarter bio19 3.7 3.3 3.2 3.0 3.8 2.8 3.3

Table 2   Potential suitable habitat distribution (km2) are tested scenarios and classification ranges under future climate scenarios

Climate Condi-
tion

Suitability habitat (km2) Potential range

Weak (0.05–
0.25)

Medium 
(0.25–0.5)

High
(> 0.5)

Total % of current area Loss Stable Gain % of Loss

LGM 28,367.57 10,305.04 6611.62 45,284.22 117%
LH 14,865.74 14,182.33 6983.75 36,031.82 93%
Current 15,588.61 10,668.99 12,441.64 38,699.24 100%
RCP 2.6 20,310.56 9020.81 334.41 29,665.78 77% 10,738.62 27,960.62 1,705.16 28%
RCP 4.5 19,054.39 4118.45 0.00 23,172.84 60% 16,725.48 21,973.76 1,199.08 43%
RCP 8.5 11,903.79 0.00 0.00 11,903.79 31% 27,292.62 11,406.62 497.17 71%
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area (36,031.82 km2) and average altitude (758.88 m a.s.l.) 
(Figs. 2b, S3; Table 2).

Potential habitat under future climate 
change (2070)

In the optimistic future scenario (RCP 2.6), MAXENT 
estimated a significant reduction of the suitability habitat 
B. hyrcana by 77% of the current area in the whole of 
Hyrcanian Forests (Fig. 3a). There was a similar chang-
ing disposition in the distribution under the RCP2.6 and 
RCP4.5 scenarios with the difference being that range 
reductions are visible especially in the eastern part of 
Mazandaran and in Golestan and has a minimal expan-
sion trend (Fig. 3a, b). It is explicit that the altitudinal 
range of the species will shift significantly in the future; 
under RCP4.5 and 8.5 the average altitude is projected 
as 472.53 m a.s.l. and 286.30 m a.s.l., respectively (Fig. 
S3). In the most pessimistic scenario RCP8.5, B. hyrcana 
would be faced with a trend of contraction and diminu-
tion expansion of the range (Fig. 3c). The area of high 
and medium suitability will disappear and only the less 
suitable habitat of 11,903.79 km2 will remain (Table 2). 
The potential range of B. hyrcana was classified into three 
levels: stable, loss and gain, shown in Table 2. Under the 
future climate change scenarios in the three periods, the 
stable habitats have occupied the western (Gilan) and the 
narrow longitudinal strip between the Alborz mountains 

and Caspian (Mazandaran) (Fig. S4). Furthermore, under 
RCP2.6 and 4.5 scenarios there is a possible gain of new 
areas of 1705.16, and 1199.08 km2, respectively. The Max-
imum loss of suitable habitat of B. hyrcana was predicted 
under RCP8.5 then 4.5 with 71% and 43%, respectively 
(Table 2).

Potential range with correction on human 
population density

In Fig. 4 the potential distribution of B. hyrcana under 
human population density impact in different climate con-
ditions was presented. In Fig. 4a the simulated human foot-
print intensifies parallel with the high-suitability area in 
the current condition. The simulated distribution pattern 
under future scenarios was even more human-influenced. 
Particularly for RCP8.5, the impact is very pronounced and 
the potential range of B. hyrcana becomes quite narrow 
throughout the Hyrcanian forests. Habitat changes attributed 
to human influence were one of the dominant contributors, 
as shown in Fig. 4d.

Spatial connectivity model

CIRCUITSCAPE analysis has created the connectivity 
model using altitude and human footprint as resistance 
rasters to predict how those variables drive connectivity 
of particular parts of the range. The important movement 

Fig. 3   Average predicted distribution range of Buxus hyrcana in the future climatic scenarios for 2070. a RCP 2.6 scenario, b RCP 4.5 scenario, 
c RCP 8.5 scenario
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routes and pathways connecting are identified in the central 
B. hyrcana habitats (Mazandaran) including more locations. 
In contrast, in the western (Gilan) and Eastern (Golestan) 
connectivity and potential corridors are disturbed because 
barriers exist (Fig. S5).

MSPA model

Linear elements (potential connectivity) obtained by mor-
phological spatial analysis (MSPA) according to the poten-
tial range of species with correction for human population 
density are shown in Fig. 5. In the present condition, core 
areas for potential species occurrence and adjacent patches 
of suitable habitat were detected throughout the Hyrcanian. 
These core areas are currently very well connected (Fig. 5a). 
In scenarios RCP2.6 and 4.5, there is a somewhat similar 
transformation; connectivity is reduced and fewer corri-
dors and other linear features (loops, bridges, islands, and 
branches) are observed (Fig. 5b, c). In the RCP8.5 scenario, 
the most striking changes are projected, and the potential 
core area is limited to a narrow strip from Mazandaran to 
Gilan, especially in the northwest direction, which has been 
connected by several bridges, and the remaining areas are 
disconnected (Fig. 5d).

Figure 6 represents patterns and processes of fragmenta-
tion. The results showed that the core patches with the best 
connectivity, resistance, and significantly lower values of 
fragmentation (25.14%) are mainly concentrated in the west-
ern, central, and slightly eastern part of the study area under 
the current climate condition, than in other climatic sce-
narios (Fig. 6a). Under optimistic and pessimistic future sce-
narios, there are substantial regional differences in habitats 
fragmentation among western, central, and eastern; a lack of 
core patches, high values of edge/core ratio, and expansion 
of the fragmentation (up to 53.04%) are predicted through-
out the species distribution in Hyrcanian zone (Fig. 6b–d).

Discussion

In the past, species have traveled long distances unim-
peded in response to climate change (Sanderson et al. 2002; 
Schloss et al. 2012). However, adaptation and response to 
environmental change may become increasingly problem-
atic in the future, as habitat fragmentation due to anthropo-
genic activities may hinder the ability of species to disperse 
long distances and shift their ranges (Keeley et al. 2018). 
Approximately one-third of the world's vascular plants 
are on the verge of extinction due to catastrophic human 

Fig. 4   Current and future potential species distribution with correction on human population density. a Current; b RCP 2.6; c RCP 4.5; d RCP 
8.5. The highest and lowest suitability in green and red colors, respectively
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Fig. 5   Spatial patterns of species range in the Hyrcanian zone under current conditions (a) and in future scenarios (b RCP 2.6; c RCP 4.5; d 
RCP 8.5)

Fig. 6   Pattern of edge/core ratio under the current (a), and future scenarios (b RCP 2.6; c RCP 4.5; d RCP 8.5. Range fragmentation in current 
conditions is 25.14%, whereas in the future scenarios 46.92%, 53.04% and 41.48%, respectively



509Journal of Plant Research (2023) 136:501–514	

1 3

activities (Ren and Duan 2017), and one-third of tree species 
are threatened (Rivers et al. 2015). Therefore, conservation 
strategies for vulnerable species should include a compre-
hensive approach, increasing conservation areas, protecting 
climate refugia, rehabilitating habitats to adapt to climate 
change, and maintaining and enhancing landscape connec-
tivity (Choe et al. 2018, 2020; Choudhury and Khan 2010). 
Additionally, maintaining connectivity by finding and pro-
tecting connections across the landscape (corridors, ecologi-
cal networks, and roadways) is an important strategy and 
is essential to facilitate species movement to track relevant 
climates and species range shifts (Hilty et al. 2006; Keeley 
et al. 2018; Nuñez et al. 2013).

The results of the study showed a significant impact of 
human population density, in parallel with climate change, 
on the potential range of B. hyrcana. These factors have a 
strong impact on accelerating deforestation, fragmentation 
and forest degradation. The expansion of economic devel-
opment and population growth in the Hyrcanian region has 
been accompanied by local activity in rural and urban areas. 
This has simultaneously increased environmental destruc-
tion and the extent of agriculture, logging, livestock and 
mining industries (Shirvani et al. 2020). Large-scale agri-
cultural planting and road networks require sufficient and 
well accessible land to meet the demand, and the effects 
of their expansion are well documented for different forest 
ecosystems like Hyrcanian forests (Ali et al. 2005; Shirvani 
et al. 2017). The lowland areas of northern Iran have been 
subject to overexploitation for a long time and thus the habi-
tats of many species have been severely damaged and annihi-
lated (Akhani et al. 2010). Such destruction has taken place 
in case of B. hyrcana stands (Sagheb-Talebi et al. 2014). 
Noticeably, between 1966 and 2016, spatial forest patterns 
shifted from "forest loss" to "fragmentation," and the MSPA 
results provide evidence of this phenomenon (Shirvani et al. 
2020).

Caspian boxwood is currently under threat due to pests, 
diseases, human pressure, and climate change. Our work 
was prepared to determine how climatic factors may shape 
the potential range of this species in the Hyrcanian region. 
MAXENT result suggests that the most significant vari-
able is the precipitation in the driest month. Morphologi-
cal studies showed that the boxwood, which is an evergreen 
species, relies on leaf plasticity to overcome water scarcity 
(Yosefzadeh et al. 2009). However, during the driest part of 
the year, such adaptation is insufficient and water scarcity 
is the limiting factor, much more important than tempera-
ture. The southern coast of the Caspian Sea, where Buxus 
occurs, is characterized by high precipitation, but there is a 
west–east gradient in rainfall in the Hyrcanian region. The 
highest precipitation occurs in the western part, whereas 
Golestan is relatively dry. This fact is the reason why the 
eastern part of the range may become unsuitable in the near 

future. Although the current potential range of the species 
is continuous, two main cores can be distinguished: the 
western and central cores, connected to each other at the 
Mazandaran-Gilan boundary. There is also a small com-
pact area in Golestan, but this is disappearing in subsequent 
scenarios.

The modern range of the species was formed during the 
Holocene, and during the Meghalayan period (4.2–0.3 ka) 
it was almost the same as the current. During the Last Gla-
cial Maximum, the species probably survived in the area of 
two refugia that were potential sources of recolonization; 
one existed in the Gilan, whereas another in mountainous 
areas of Mazandaran. A similar pattern was observed for 
G. caspica (Yousefzadeh et al. 2022). However, there is no 
genetic evidence of clear east–west division, like in the case 
of Caspian poplar (P. caspica ) (Alipour et al. 2021); instead, 
a pattern is observed which is related to the distance of par-
ticular populations from the Caspian Sea (Esmaeilnezhad 
et al. 2020). It is possible that the species survived in only 
one refugium, or that two gene pools mixed and lost their 
distinctness; it is also possible that the model underestimated 
the suitability in the central part of the Hyrcanian and the 
range of the species during LGM was continuous.

In the near future, B. hyrcana stands will be endangered 
by the negative impact of environmental changes. Reduc-
tion in suitability is observed even in the most optimistic 
climate change scenario, whereas in the most pessimistic 
the whole range of the species is endangered. In scenario 
RCP 8.5, suitable areas constitute only 31% of the current 
potential range and form two narrow belts: one in the west 
Gilan and the second from the Gilan-Mazandaran border 
to the central coast of Mazandaran. Between these two 
potential refugia is an area of lowlands where conditions 
are less favorable for the species. The situation becomes 
even more disturbing if we consider human pressure. The 
southern coast of the Caspian Sea is densely populated and 
a big part of this region was transformed into crop fields 
(Sagheb-Talebi et al. 2014). The results of the analyses per-
formed in GuidosToolbox software suggest that Buxus is at 
serious risk of range fragmentation in the future. Areas with 
suitable climatic conditions will not only shrink but also 
the connectivity between them will deteriorate. The analy-
sis prepared in CIRCUITSCAPE with human footprint as a 
resistance raster further confirms the risk of fragmentation. 
The reason is not only human pressure, but also the spatial 
pattern of occurrence of the species, which prefers lowlands 
(Sagheb-Talebi et al. 2014). Thus, opportunities to change 
the altitudinal range are limited. Modeling results suggest 
even a loss of sites at higher elevations, probably due to 
a decrease in precipitation. Range fragmentation can be a 
major threat because, for most forest plant species, such a 
phenomenon severely impedes colonization and retreat to 
areas with a stable climate (Honnay et al. 2002).
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Boxwood in Iran is currently endangered; therefore, there 
is a need to plan effective conservation strategies for this 
species. In 2016, a decision was made to limit the exploita-
tion of the Hyrcanian forests in order to protect them (Panahi 
et al. 2021). Unfortunately, in many places this resulted in 
a shift in the exploitation of forest resources from formal 
to smuggling. The disappearance of suitable habitats for 
woody species is also associated with the expansion of cit-
ies and farmland on the Caspian coast. Recently, the spread 
of disease, boxwood blight (Kakrodi et al. 2019; Salehi 
Shanjani et al. 2018) and a pest, box-tree moth, Cydalima 
perspectalis (Walker) (Nacambo et al. 2014), have become 
an even greater threat to the boxwood. Human pressure and 
the prevalence of biological threats mean that in situ con-
servation would be difficult. One of the main actions that is 
taken to protect the species is to cut down and burn infected 
trees, which gives other individuals the opportunity to sur-
vive. Based on the results of genetic studies, Salehi Shanjani 
et al. (2018) suggest that focusing conservation efforts on 
surviving individuals in populations infested with boxwood 
blight may be a good strategy. There are also stands that 
are still free from the presence of the disease (Panahi et al. 
2021). The modeling results indicate that there are two areas 
where the climate will be stable enough to host potential 
reserves: one in Gilan and the other along the west coast of 
Mazandaran. Unfortunately, populations from the eastern 
part of the range at higher elevations are at risk. Because 
they exhibit genetic distinctiveness from lowland popula-
tions, their loss would be a major impoverishment to the spe-
cies' gene pool (Esmaeilnezhad et al. 2020). Although inland 
populations appear to be more vulnerable due to climate 
change, sites located near the Caspian Sea may be more sus-
ceptible to the disease, which is associated with higher mois-
ture. However, protecting selected populations located in an 
area that will retain their suitability in the future seems to be 
a good strategy. An example of such a population might be 
the Siahkalrood site located near the coast, for which high 
genetic diversity has been demonstrated (Esmaeilnezhad 
et al. 2020). In addition, such protected populations may 
provide genetic enrichment to other sites, as pollen may be 
carried by winds along the Caspian coast (Esmaeilnezhad 
et al. 2020; Molavi-Arabshahi et al. 2016).

Another strategy for an endangered species is ex situ con-
servation. In the case of B. hyrcana, such efforts were under-
taken by the National Botanical Garden of Iran (NBGI), 
where the species began to be cultivated as early as 1967 
(Panahi et al. 2021). Currently, NGBI is the only reliable 
source of healthy seedlings of the B. hyrcana and can pro-
vide approximately 5,000 individuals per year; these seed-
lings can be used to restore damaged boxwood populations 
in Hyrcanian forests (Panahi et al. 2021). Unfortunately, so 
far there has been no documentation of the gene pool that 
is available at NBGI, which may pose some difficulty in 

planning reintroductions to degraded sites. Such attempts 
must also take into account the continued threat of boxwood 
blight and pests, so selected sites should first be properly 
managed for the presence of these biological threats. Efforts 
should be made to collect material from these populations, 
which may soon disappear due to climate change—these are 
primarily stands from Golestan and eastern Mazandaran.

Conclusion

The results of our study indicate that B. hyrcana is one of 
the species whose range may be subject to reduction and 
fragmentation associated with climate change and human 
pressure. The analyses we performed in this work provide 
a better understanding of the transformation of the poten-
tial range of this endangered species. They can also provide 
guidance for in situ conservation planning in stable regions 
such as central Gilan and point to those areas where popula-
tions are likely to become extinct in the near future—such 
sites could become a source of material for ex situ conserva-
tion, in order to avoid loss of their genetic variability. Unfor-
tunately, protecting Capsian boxwood, which is currently 
threatened by pests, diseases, climate change, and human 
pressure, will be a major challenge—it remains to be hoped 
that the strategies developed will be effective. The situation 
is all the more difficult because populations located in the 
mountains are particularly threatened by climate change, 
while those located by the sea are more likely to be attacked 
by the pest. The status of existing populations should be 
monitored, both in terms of climate impacts and pest infes-
tation. Conducting additional analyses (for example, based 
on the recently published IPCC6 report) can further facili-
tate the planning of effective conservation methods for this 
endangered species.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10265-​023-​01457-5.

Author contributions  The authors contributed equally to this work.

Funding  This study was supported by the Institute of Dendrology, Pol-
ish Academy of Sciences.

Data availability  The data that support the findings of this study are 
available on request from the corresponding author.

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 

https://doi.org/10.1007/s10265-023-01457-5


511Journal of Plant Research (2023) 136:501–514	

1 3

were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Ahangaran Y (2016) The first report of the Box Tree Moth from Iran, 
Cydalima perspectalis (Walker, 1859) Lep; Crambidae (short 
report). Appl Entomol Phytopathol 84:209–211. https://​doi.​org/​
10.​22092/​JAEP.​2016.​107020

Ahmadi K, Alavi SJ, Amiri GZ, Hosseini SM, Serra-Diaz JM, Sven-
ning J-C (2020) The potential impact of future climate on the 
distribution of European yew (Taxus baccata L.) in the Hyrcan-
ian Forest region (Iran). Int J Biometeorol 64:1451–1462. https://​
doi.​org/​10.​1007/​s00484-​020-​01922-z

Akhani H, Djamali M, Ghorbanalizadeh A, Ramezani E (2010) Plant 
biodiversity of Hyrcanian relict forests, N Iran: an overview of 
the flora, vegetation, palaeoecology and conservation. Pak J Bot 
42:231–258

Alavi SJ, Ahmadi K, Hosseini SM, Tabari M, Nouri Z (2019) 
The response of English yew (Taxus baccata L.) to climate 
change in the Caspian Hyrcanian Mixed Forest ecoregion. 
Reg Environ Change 19:1495–1506. https://​doi.​org/​10.​1007/​
s10113-​019-​01483-x

Ali J, Benjaminsen TA, Hammad AA, Dick ØB (2005) The road 
to deforestation: An assessment of forest loss and its causes 
in Basho Valley, Northern Pakistan. Global Environ Change 
15:370–380

Alipour S, Yousefzadeh H, Badehian Z, Asadi F, Espahbodi K, Der-
ing M (2021) Genetic diversity and structure of the endemic 
and critically endangered Populus caspica in the Hyrcanian 
forests. Tree Genet Genomes 17:1–13. https://​doi.​org/​10.​1007/​
s11295-​021-​01497-9

Alipour S, Badehian Z, Yousefzadeh H, Asadi F, Espahbodi K, Walas 
Ł (2022) Predicting past, current and future suitable habitat for 
endemic Hyrcanian species Populus caspica Bornm. New for. 
https://​doi.​org/​10.​1007/​s11056-​022-​09918-w

Asadi H, Hosseini SM, Esmailzadeh O, Ahmadi A (2011) Flora, 
Life form and chorological study of Box tree (Buxus hyrcanus 
Pojark.) sites in Khybus protected forest, Mazandaran. Iran J 
Plant Biol 3:27–40 (In Persian)

Asadi H, Esmailzadeh O, De Cáceres M, Hosseini SM (2021) The 
assignment of relevés to pre-existing vegetation units: a compari-
son of approaches using species fidelity. Ann for Sci 78:1–23. 
https://​doi.​org/​10.​1007/​s13595-​020-​01017-0

Beier P, Penrod K, Luke C, Spencer WD, Cabañero C (2006) South 
Coast Missing Linkages: restoring connectivity to wildlands in 
the largest metropolitan area in the United States. In: Crooks 
KR, Sanjayan M (eds) Connectivity conservation. Cambridge 
University Press, Cambridge, pp 555–586

Brost BM, Beier P (2012) Use of land facets to design linkages for 
climate change. Ecol Appl 22:87–103. https://​www.​jstor.​org/​
stable/​41416​746

Brown JL, Hill DJ, Dolan AM, Carnaval AC, Haywood AM (2018) 
PaleoClim, high spatial resolution paleoclimate surfaces for 
global land areas. Sci Data 5:1–9. https://​doi.​org/​10.​1038/​sdata.​
2018.​254

Cannone N, Guglielmin M, Malfasi F, Hubberten HW, Wagner D 
(2021) Rapid soil and vegetation changes at regional scale in 
continental Antarctica. Geoderma 394:115017

Cao D, Zhang J, Xun L, Yang S, Wang J, Yao F (2021) Spatiotemporal 
variations of global terrestrial vegetation climate potential pro-
ductivity under climate change. Sci Total Environ 770:145320

Choe H, Thorne JH, Huber PR, Lee D, Quinn JF (2018) Assessing 
shortfalls and complementary conservation areas for national 
plant biodiversity in South Korea. PLoS ONE 13:e0190754. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01907​54

Choe H, Thorne JH, Hollander A (2020) From disappearing climates 
to climate hubs, the five classes of climate risk for wildlife 
refuges. Landsc Ecol 35:2163–2177. https://​doi.​org/​10.​1007/​
s10980-​020-​01090-w

Choe H, Keeley AT, Cameron DR, Gogol-Prokurat M, Hannah L, 
Roehrdanz PR, Schloss CA, Thorne JH (2021) The influence of 
model frameworks in spatial planning of regional climate-adap-
tive connectivity for conservation planning. Landsc Urban Plan 
214:104169. https://​doi.​org/​10.​1016/j.​landu​rbplan.​2021.​104169

Choudhury B, Khan ML (2010) Conservation and management of 
endangered plant species: a case study from Northeast India. 
Biorem Biodiv Bioavail 4:47–53

Collins M, Knutti R, Arblaster J, Dufresne J-L, Fichefet T, Friedling-
stein P, Gao X, Gutowski WJ Jr., Johns T, Krinner G, Shongwe 
M, Tebaldi C, Weaver AJ, Wehner M (2013) Long-term cli-
mate change: projections, commitments and irreversibility. 
In: Stocker, TF, Qin D, Plattner G-K, Tignor M, Allen SK, 
Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds) Inter-
governmental panel on climate change. Climate change 2013-
the physical science basis: contribution of working group I to 
the fifth assessment report of the intergovernmental panel on 
climate change. Cambridge University Press, pp 1029–1136

Correa Ayram CA, Mendoza ME, Etter A, Pérez Salicrup DR (2017) 
Potential distribution of mountain cloud forest in Michoacán, 
Mexico: prioritization for conservation in the context of land-
scape connectivity. Environ Manag 60:86–103. https://​doi.​org/​
10.​1007/​s00267-​017-​0871-y

Danielson JJ, Gesch DB (2011) Global multi-resolution terrain eleva-
tion data 2010 (GMTED2010). US Department of the Interior, 
US Geological Survey, Washington, DC

de Oliveira-Junior ND, Heringer G, Bueno ML, Pontara V, Meira-
Neto JAA (2020) Prioritizing landscape connectivity of a tropi-
cal forest biodiversity hotspot in global change scenario. For 
Ecol Manag 472:118247. https://​doi.​org/​10.​1016/j.​foreco.​2020.​
118247

Esmaeilnezhad K, Mehrjerdi MZ, Neghab MG (2020) Genetic diversity 
and structure of Buxus hyrcana (Pojark) populations in the Cas-
pian forests of northern Iran revealed by ISSR markers. Biologia. 
https://​doi.​org/​10.​2478/​s11756-​020-​00445-7

Esmailzadeh O, Soleymanipor SS (2016) Improving the ordination of 
ecological species group using diagnostic species concept. Forest 
Wood Products 69:495–509 (In Persian)

Fagan WF, Calabrese M (2006) Quantifying connectivity: balancing 
metric performance with data requirements. In: Crooks KR, San-
jayan M (eds) Connectivity conservation. Cambridge University 
Press, Cambridge, pp 297–317

Fordham DA, Saltré F, Haythorne S, Wigley TML, Otto-Bliesner BL, 
Chan KC, Brook BW (2017) PaleoView: A tool for generat-
ing seamless climatic projections over the last 21,000 years at 
regional and global scales. Ecography 40:1348–1358. https://​
doi.​org/​10.​1111/​ecog.​03031

Franklin J, Serra-Diaz JM, Syphard AD, Regan HM (2016) Global 
change and terrestrial plant community dynamics. Proceed Natl 
Acad Sci 113:3725–3734

Gang C, Zhang Y, Wang Z, Chen Y, Yang Y, Li J, Cheng J, Qi J, 
Odeh I (2017) Modeling the dynamics of distribution, extent, 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22092/JAEP.2016.107020
https://doi.org/10.22092/JAEP.2016.107020
https://doi.org/10.1007/s00484-020-01922-z
https://doi.org/10.1007/s00484-020-01922-z
https://doi.org/10.1007/s10113-019-01483-x
https://doi.org/10.1007/s10113-019-01483-x
https://doi.org/10.1007/s11295-021-01497-9
https://doi.org/10.1007/s11295-021-01497-9
https://doi.org/10.1007/s11056-022-09918-w
https://doi.org/10.1007/s13595-020-01017-0
https://www.jstor.org/stable/41416746
https://www.jstor.org/stable/41416746
https://doi.org/10.1038/sdata.2018.254
https://doi.org/10.1038/sdata.2018.254
https://doi.org/10.1371/journal.pone.0190754
https://doi.org/10.1007/s10980-020-01090-w
https://doi.org/10.1007/s10980-020-01090-w
https://doi.org/10.1016/j.landurbplan.2021.104169
https://doi.org/10.1007/s00267-017-0871-y
https://doi.org/10.1007/s00267-017-0871-y
https://doi.org/10.1016/j.foreco.2020.118247
https://doi.org/10.1016/j.foreco.2020.118247
https://doi.org/10.2478/s11756-020-00445-7
https://doi.org/10.1111/ecog.03031
https://doi.org/10.1111/ecog.03031


512	 Journal of Plant Research (2023) 136:501–514

1 3

and NPP of global terrestrial ecosystems in response to future 
climate change. Glob Planet Change 148:153–165

Ge W, Deng L, Wang F, Han J (2021) Quantifying the contributions of 
human activities and climate change to vegetation net primary 
productivity dynamics in China from 2001 to 2016. Sci Total 
Environ 773:145648

Gent PR, Danabasoglu G, Donner LJ, Holland MM, Hunke EC, Jayne 
SR, Lawrence DM, Neale RB, Rasch PJ, Vertenstein M, Worley 
PH, Yang Z-L, Zhang M (2011) The community climate system 
model version 4. J Clim 24:4973–4991. https://​doi.​org/​10.​1175/​
2011J​CLI40​83.1

Ghorbanalizadeh A, Akhani H (2022) Plant diversity of Hyrcanian 
relict forests: an annotated checklist, chorology and threat cat-
egories of endemic and near endemic vascular plant species. 
Plant Divers 44:39–69. https://​doi.​org/​10.​1016/j.​pld.​2021.​07.​005

Giorgetta MA, Jungclaus J, Reick CH, Legutke S, Bader J, Böttinger 
M, Brovkin V, Crueger T, Esch M, Fieg K, Glushak K, Gayler 
V, Haak H, Hollweg H-D, Ilyina T, Kinne S, Kornblueh L, Matei 
D, Mauritsen T, Mikolajewicz U, Mueller W, Notz D, Pithan F, 
Raddatz T, Rast S, Redler R, Roeckner E, Schmidt H, Schnur R, 
Segschneider J, Six KD, Stockhause M, Timmrreck C, Wegner J, 
Widmann H, Wieners K-H, Claussen M, Marotzke J, Stevens B 
(2013) Climate and carbon cycle changes from 1850 to 2100 in 
MPI-ESM simulations for the Coupled Model Intercomparison 
Project phase 5. J Adv Model Earth Syst 5:572–597

Goushehgir Z, Feghhi J, Innes JL (2022) Challenges facing the 
improvement of forest management in the Hyrcanian forests of 
Iran. Forests 13:2180

Haidarian Aghakhani M, Tamartash R, Jafarian Z, Esfahani MT, Tatian 
MR (2017) Forecasts of climate change effects on Amygdalus 
scoparia potential distribution by using ensemble modeling in 
Central Zagros. J GIS RS Natur Res 8:1–14 (In Persian)

Hijmans RJ, van Etten J (2012) raster: Geographic analysis and mod-
eling with raster data. R package version 2.0–12

Hilty JA, Lidicker WZ, Merenlender AM (2006) Corridor ecology: 
the science and practice of linking landscapes for biodiversity 
conservation. Island Press, Washington

Honnay O, Verheyen K, Butaye J, Jacquemyn H, Bossuyt B, Hermy 
M (2002) Possible effects of habitat fragmentation and climate 
change on the range of forest plant species. Ecol Lett 5:525–530. 
https://​doi.​org/​10.​1046/j.​1461-​0248.​2002.​00346.x

Hosseinzadeh S, Esmailzadeh O (2017) Floristic study of Buxus hyr-
cana stands in the Western forests of Haraz district, Amol, Iran. 
J Appl Ecol 6:1–13. https://​doi.​org/​10.​18869/​acadp​ub.​ijae.6.​1.1

Jalili A, Jamzad Z (1999) Red data book of plant species of Iran. 
Research Inst. of Forests and Rangelands, Tehran

Jiang L, Bao A, Guo H, Ndayisaba F (2017) Vegetation dynamics and 
responses to climate change and human activities in Central Asia. 
Sci Total Environ 599:967–980

Jiang H, Xu X, Guan M, Wang L, Huang Y, Jiang Y (2020) Determin-
ing the contributions of climate change and human activities to 
vegetation dynamics in agro-pastural transitional zone of north-
ern China from 2000 to 2015. Sci Total Environ 718:134871

Kakrodi RK, Kiadaliri H, Mattaji A, Nimvari ME, Sheykholeslami A 
(2019) Box tree (Buxus hyrcana Pojark) habitat investigation for 
lichen and herbaceous community after disturbance caused by 
box blight disease (case study: Lesakoti Forest, Tonekabon). Iran 
J for Poplar Res. https://​doi.​org/​10.​22092/​IJFPR.​2019.​119177

Karger DN, Conrad O, Böhner J, Kawohl T, Kreft H, Soria-Auza RW, 
Zimmermann NE, Linder HP, Kessler M (2017) Climatologies 
at high resolution for the earth’s land surface areas. Sci Data 
4:1–20. https://​doi.​org/​10.​1038/​sdata.​2017.​122

Karger DN, Conrad O, Böhner J, Kawohl T, Kreft H, Soria-Auza RW, 
Zimmermann NE, Linder HP, Kessler M (2018) Data from: Cli-
matologies at high resolution for the earth’s land surface areas 
(Version 1, p. 7266827510 bytes). Dryad

Karger DN, Nobis MP, Normand S, Graham CH, Zimmermann NE 
(2021) CHELSA-TraCE21k v1.0. Downscaled transient tempera-
ture and precipitation data since the last glacial maximum. Clim 
past Discuss. https://​doi.​org/​10.​5194/​cp-​2021-​30

Keeley AT, Ackerly DD, Cameron DR, Heller NE, Huber PR, Schloss 
CA, Thorne JH, Merenlender AM (2018) New concepts, models, 
and assessments of climate-wise connectivity. Environ Res Lett 
13:073002. https://​doi.​org/​10.​1088/​1748-​9326/​aacb85

Khazaeli P, Rezaee S, Mirabolfathy M, Zamanizadeh H, Kiadaliri H 
(2018) Genetic and phenotypic variation of Calonectria pseudo-
naviculata isolates causing boxwood blight disease in the Hyrca-
nian forest of Iran. Agric Res Technol Open Access J 19:556081. 
https://​doi.​org/​10.​19080/​ARTOAJ.​2018.​19.​556081

Lahijani H, Tavakoli V, Amini A (2008) River mouth configuration in 
south Caspian coast. Iran Environ Sci 5:65–86

Landi P, Minoarivelo HO, Brännström Å, Hui C, Dieckmann U (2018) 
Complexity and stability of ecological networks: a review of the 
theory. Popul Ecol 60:319–345

Leroy SAG, Lahijani HAK, Djamali M, Naqinezhad A, Moghadam 
MV, Arpe K, Shah-Hosseini M, Hosseindoust M, Miller ChS, 
Tavakoli V, Habibi P, Naderi Beni M (2011) Late Little Ice Age 
palaeoenvironmental records from the Anzali and Amirkola 
Lagoons (south Caspian Sea): Vegetation and sea level 
changes. Palaeogeogr Palaeoclimatol Palaeoecol 302:415–434. 
https://​doi.​org/​10.​1016/j.​palaeo.​2011.​02.​002

Li J, Fan G, He Y (2020) Predicting the current and future distri-
bution of three Coptis herbs in China under climate change 
conditions, using the MaxEnt model and chemical analysis. 
Sci Total Environ 698:134141

Liu Z, Pontius RG Jr (2021) The total operating characteristic from 
stratified random sampling with an application to flood map-
ping. Remote Sens 13:3922. https://​doi.​org/​10.​3390/​rs131​
93922

Lowe AJ, Boshier D, Ward M, Bacles CFE, Navarro C (2005) Genetic 
resource impacts of habitat loss and degradation; reconciling 
empirical evidence and predicted theory for neotropical trees. 
Heredity 95:255–273. https://​doi.​org/​10.​1038/​sj.​hdy.​68007​25

Mahjoori E (2002) History of Mazandaran. Volume One, 1st Edn. 
Toos, Tehran, Iran.

Mahmoodi S, Ahmadi K, Heydari M, Karami O, Esmailzadeh O, 
Heung B (2023) Elevational shift of endangered European yew 
under climate change in Hyrcanian mountain forests: Rethinking 
conservation-restoration strategies and management. For Ecol 
Manage 529:120693

Mas J-F, Filho BS, Pontius RG Jr, Gutiérrez MF, Rodrigues H (2013) 
A suite of tools for ROC analysis of spatial models. ISPRS Int J 
Geo-Inf 2:869–887. https://​doi.​org/​10.​3390/​ijgi2​030869

McRae BH, Beier P (2007) Circuit theory predicts gene flow in plant 
and animal populations. Proc Natl Acad Sci 104:19885–19890. 
https://​doi.​org/​10.​1073/​pnas.​07065​68104

Mobayen S (1970) Guide pour la carte de la végétation naturelle de 
l’Iran. Universite de Teheran, Tehran (In French)

Mohadjer M, Feghhi J (2020) Sustainable management of Hyrcanian 
forests. In: How to balance forestry and biodiversity conserva-
tion—a view across Europe. European Forest Institute (EFI), 
Birmensdorf

Mohammadi A, Alavi SJ, Hosseini SM (2019) Predicting the potential 
habitat of Wych elm (Ulmus glabra Huds.) using the Maxent 
model in Kheyrod forest. Iranian J for 10:475–486

Mohammadzadeh A, Payamnoor V, Kavosi M (2019) Evaluation type 
of explants and season of sampling under different disinfection 
treatments for the tissue culture of Buxus hyrcana Pojark. For 
Res Dev 5:527–540 ([In Persian])

Molavi-Arabshahi M, Arpe K, Leroy SAG (2016) Precipitation and 
temperature of the southwest Caspian Sea region during the 
last 55 years: Their trends and teleconnections with large-scale 

https://doi.org/10.1175/2011JCLI4083.1
https://doi.org/10.1175/2011JCLI4083.1
https://doi.org/10.1016/j.pld.2021.07.005
https://doi.org/10.1046/j.1461-0248.2002.00346.x
https://doi.org/10.18869/acadpub.ijae.6.1.1
https://doi.org/10.22092/IJFPR.2019.119177
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.5194/cp-2021-30
https://doi.org/10.1088/1748-9326/aacb85
https://doi.org/10.19080/ARTOAJ.2018.19.556081
https://doi.org/10.1016/j.palaeo.2011.02.002
https://doi.org/10.3390/rs13193922
https://doi.org/10.3390/rs13193922
https://doi.org/10.1038/sj.hdy.6800725
https://doi.org/10.3390/ijgi2030869
https://doi.org/10.1073/pnas.0706568104


513Journal of Plant Research (2023) 136:501–514	

1 3

atmospheric phenomena. Int J Climatol 36:2156–2172. https://​
doi.​org/​10.​1002/​joc.​4483

Nacambo S, Leuthardt FL, Wan H, Li H, Haye T, Baur B, Weiss 
RM, Kenis M (2014) Development characteristics of the box-
tree moth Cydalima perspectalis and its potential distribution 
in Europe. J Appl Entomol 138:14–26. https://​doi.​org/​10.​1111/​
jen.​12078

Nor ANM, Corstanje R, Harris JA, Grafius DR, Siriwardena GM 
(2017) Ecological connectivity networks in rapidly expanding 
cities. Heliyon 3:e00325. https://​doi.​org/​10.​1016/j.​heliy​on.​2017.​
e00325

Nuñez TA, Lawler JJ, McRae BH, Pierce DJ, Krosby MB, Kavanagh 
DM, Singleton PH, Tewksbury JJ (2013) Connectivity planning 
to address climate change. Conserv Biol 27:407–416. https://​doi.​
org/​10.​1111/​cobi.​12014

Panahi P, Jamzad Z, Jalili A, Talebi KS, Pourhashemi M (2021) The 
role of the National Botanical Garden of Iran in ex situ conser-
vation of Buxus hyrcana Pojark.; An endangered species. Urban 
for Urban Green 57:126951. https://​doi.​org/​10.​1016/j.​ufug.​2020.​
126951

Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy mod-
eling of species geographic distributions. Ecol Modell 190:231–
259. https://​doi.​org/​10.​1016/j.​ecolm​odel.​2005.​03.​026

QGIS Development Team (2020) QGIS Geographic Information Sys-
tem. Open Source Geospatial Foundation Project. https://​qgis.​
org/​en/​site/​index.​html. Acessed 18 June 2021

Ramezani E, Marvie Mohadjer MR, Knapp H-D, Ahmadi H, Joosten 
H (2008) The late-Holocene vegetation history of the Central 
Caspian (Hyrcanian) forests of northern Iran. The Holocene 
18:307–321. https://​doi.​org/​10.​1177/​09596​83607​086768

Ren H, Duan ZY (2017) The theory and practice on construction of 
classic botanical garden. Science Press, Beijing

Roodi Z, Jalilvand H, Esmailzadeh O (2012) Edaphic effects on distri-
bution of plant ecological groups (Case study: Sisangan Buxus 
(Buxus hyrcana Pojark.) forest reserve). Iranian J Plant Biol 
4:39–56 (20.1001.1.20088264.1391.4.13.5.0 [In Persian])

Sagheb-Talebi K, Pourhashemi M, Sajedi T (2014) Forests of Iran: A 
treasure from the past, a hope for the future. Springer, Dordrecht. 
https://​doi.​org/​10.​1007/​978-​94-​007-​7371-4

Salehi Shanjani P, Javadi H, Rasoulzadeh L, Amirkhani M (2018) 
Evaluation of genetic differentiation among healthy and 
infected Buxus hyrcana with boxwood blight using RAPD and 
ISSR markers. NZ J for Sci 48:1–10. https://​doi.​org/​10.​1186/​
s40490-​018-​0120-z

Sanderson EW, Jaiteh M, Levy K, Redford KH, Wannebo AV, Woolmer 
G (2002) The Human Footprint and the Last of the Wild: The 
human footprint is a global map of human influence on the land 
surface, which suggests that human beings are stewards of nature, 
whether we like it or not. Bioscience 52:891–904. https://​doi.​org/​
10.​1641/​0006-​3568(2002)​052[0891:​THFATL]​2.0.​CO;2

Schloss CA, Nuñez TA, Lawler JJ (2012) Dispersal will limit ability 
of mammals to track climate change in the Western Hemisphere. 
Proc Natl Acad Sci 109:8606–8611. https://​doi.​org/​10.​1073/​
pnas.​11167​91109

Sękiewicz K, Walas Ł, Beridze B, Fennane M, Dering M (2020) High 
genetic diversity and low future habitat suitability: will Cupres-
sus atlantica, endemic to the High Atlas, survive under climate 
change? Reg Environ Change 20:1–19. https://​doi.​org/​10.​1007/​
s10113-​020-​01711-9

Sękiewicz K, Danelia I, Farzaliyev V, Gholizadeh H, Iszkuło G, Naqin-
ezhad A, Ramezani E, Thomas PA, Tomaszewski D, Walas Ł, 
Dering M (2022) Past climatic refugia and landscape resistance 
explain spatial genetic structure in Oriental beech in the South 
Caucasus. Ecol Evol 12:e9320

Shanjani PS, Vendramin GG, Calagari M (2010) Genetic diversity and 
differentiation of Fagus orientalis Lipsky in Hyrcanian forests 

revealed by nuclear and chloroplast microsatellite markers. 
Conserv Genet Resour 11:2321–2331. https://​doi.​org/​10.​1007/​
s10592-​010-​0118-4

Shirvani Z, Abdi O, Buchroithner MF, Pradhan B (2017) Analysing 
spatial and statistical dependencies of deforestation affected by 
residential growth: Gorganrood Basin, Northeast Iran. Land 
Degrad Develop 28:2176–2190

Shirvani Z, Abdi O, Buchroithner MF (2020) A new analysis approach 
for long-term variations of forest loss, fragmentation, and deg-
radation resulting from road-network expansion using Land-
sat time-series and object-based image analysis. Land Degrad 
Develop 31:1462–1481

Soille P, Vogt P (2009) Morphological segmentation of binary patterns. 
Pattern Recognit Lett 30:456–459. https://​doi.​org/​10.​1016/j.​
patrec.​2008.​10.​015

Soleymanipour SS, Esmailzadeh O (2015) Flora, life form and chorol-
ogy of Box trees (Buxus hyrcana) habitats in forests of the Farim 
area of Sari. Taxon Biosyst 7:39–56 (In Persian)

Song Y-G, Walas Ł, Pietras M, Văn Sâm H, Yousefzadeh H, Ok T, 
Farzaliyev V, Worobiec G, Worobiec E, Stachowicz-Rybka 
R, Boratyński A, Boratyńska K, Kozlowski G, Jasińska AK 
(2021) Past, present and future suitable areas for the relict 
tree Pterocarya fraxinifolia (Juglandaceae): Integrating fossil 
records, niche modeling, and phylogeography for conserva-
tion. Eur J for Res 140:1323–1339. https://​doi.​org/​10.​1007/​
s10342-​021-​01397-6

Taib A, Morsli A, Chojnacka A, Walas Ł, Sękiewicz K, Boratyński 
A, Romo A, Dering M (2020) Patterns of genetic diversity in 
North Africa: Moroccan-Algerian genetic split in Juniperus thu-
rifera subsp. africana. Sci Rep 10:1–17. https://​doi.​org/​10.​1038/​
s41598-​020-​61525-x

Taleshi H, Jalali SG, Alavi SJ, Hosseini SM, Naimi B, Zimmermann 
NE (2019) Climate change impacts on the distribution and diver-
sity of major tree species in the temperate forests of Northern 
Iran. Reg Environ Change 19:2711–2728. https://​doi.​org/​10.​
1007/​s10113-​019-​01578-5

Taleshi H, Jalali SG, Alavi SJ, Hosseini SM, Naimi B (2020) Projection 
of climate change impacts on potential distribution of chestnut-
leaved oak (Quercus castaneifolia CAM) using ensemble mod-
eling in the Hyrcanian forests of Iran. Ecol Iranian for 8:10–21

Tekin O, Cetin M, Varol T, Ozel HB, Sevik H, Zeren Cetin I (2022) 
Altitudinal migration of species of Fir (Abies spp.) in adaptation 
to climate change. Water, Air, Soil Pollut 233:385

UNESCO World Heritage Centre (2019) World heritage list. The Hyr-
canian forests. https://​whc.​unesco.​org/​en/​list/​1584. Accessed on 
1 Oct 2019

Varol T, Cetin M, Ozel HB, Sevik H, Zeren Cetin I (2022a) The effects 
of climate change scenarios on Carpinus betulus and Carpinus 
orientalis in Europe. Water Air Soil Pollut 233:45

Varol T, Canturk U, Cetin M, Ozel HB, Sevik H, Zeren Cetin I (2022b) 
Identifying the suitable habitats for Anatolian boxwood (Buxus 
sempervirens L.) for the future regarding the climate change. 
Theor Appl Climatol 150:637–647

Venter O, Sanderson EW, Magrach A, Allan JR, Beher J, Jones KR, 
Possingham HP, Laurance WF, Wood P, Fekete BM, Levy MA, 
Watson JEM (2016) Global terrestrial Human Footprint maps for 
1993 and 2009. Sci Data 3:1–10. https://​doi.​org/​10.​1038/​sdata.​
2016.​67

Venter O, Sanderson EW, Magrach A, Allan JR, Beher J, Jones KR, 
Possingham HP, Laurance WF, Wood P, Fekete BM, Levy MA 
(2018) Last of the wild project, version 3 (LWP-3): 2009 human 
footprint, 2018 release. In: Palisades, NY: NASA Socioeconomic 
Data and Applications Center (SEDAC) 10:H46T0JQ4

Vogt P, Riitters K (2017) Guidos Toolbox: universal digital image 
object analysis. Eur J Remote Sens 50:352–361. https://​doi.​org/​
10.​1080/​22797​254.​2017.​13306​50

https://doi.org/10.1002/joc.4483
https://doi.org/10.1002/joc.4483
https://doi.org/10.1111/jen.12078
https://doi.org/10.1111/jen.12078
https://doi.org/10.1016/j.heliyon.2017.e00325
https://doi.org/10.1016/j.heliyon.2017.e00325
https://doi.org/10.1111/cobi.12014
https://doi.org/10.1111/cobi.12014
https://doi.org/10.1016/j.ufug.2020.126951
https://doi.org/10.1016/j.ufug.2020.126951
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://qgis.org/en/site/index.html
https://qgis.org/en/site/index.html
https://doi.org/10.1177/0959683607086768
https://doi.org/10.1007/978-94-007-7371-4
https://doi.org/10.1186/s40490-018-0120-z
https://doi.org/10.1186/s40490-018-0120-z
https://doi.org/10.1641/0006-3568(2002)052[0891:THFATL]2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052[0891:THFATL]2.0.CO;2
https://doi.org/10.1073/pnas.1116791109
https://doi.org/10.1073/pnas.1116791109
https://doi.org/10.1007/s10113-020-01711-9
https://doi.org/10.1007/s10113-020-01711-9
https://doi.org/10.1007/s10592-010-0118-4
https://doi.org/10.1007/s10592-010-0118-4
https://doi.org/10.1016/j.patrec.2008.10.015
https://doi.org/10.1016/j.patrec.2008.10.015
https://doi.org/10.1007/s10342-021-01397-6
https://doi.org/10.1007/s10342-021-01397-6
https://doi.org/10.1038/s41598-020-61525-x
https://doi.org/10.1038/s41598-020-61525-x
https://doi.org/10.1007/s10113-019-01578-5
https://doi.org/10.1007/s10113-019-01578-5
https://whc.unesco.org/en/list/1584
https://doi.org/10.1038/sdata.2016.67
https://doi.org/10.1038/sdata.2016.67
https://doi.org/10.1080/22797254.2017.1330650
https://doi.org/10.1080/22797254.2017.1330650


514	 Journal of Plant Research (2023) 136:501–514

1 3

Walas Ł, Ganatsas P, Iszkuło G, Thomas PA, Dering M (2019) Spatial 
genetic structure and diversity of natural populations of Aesculus 
hippocastanum L. in Greece. PLoS ONE 14:e0226225. https://​
doi.​org/​10.​1371/​journ​al.​pone.​02262​25

Wang Z, Chang YI, Ying Z, Zhu L, Yang Y (2007) A parsimonious 
threshold-independent protein feature selection method through 
the area under receiver operating characteristic curve. Bioinfor-
matics 23:2788–2794. https://​doi.​org/​10.​1093/​bioin​forma​tics/​
btm442

Watanabe S, Hajima T, Sudo K, Nagashima T, Takemura T, Okajima 
H, Nozawa T, Kawase H, Abe M, Yokohata T, Ise T, Sato H, 
Kato E, Takata K, Emori S, Kawamiya M (2011) MIROC-ESM: 
model description and basic results of CMIP5-20c3m experi-
ments. Geosci Model Dev Discuss 4:1063–1128. https://​doi.​org/​
10.​5194/​gmdd-4-​1063-​2011

Wisz MS, Pottier J, Kissling WD, Pellissier L, Lenoir J, Damgaard 
CF, Dormann CF, Forchhammer MC, Grytnes J-A, Guisan A, 
Heikkinen RK, Høye TT, Kühn I, Luoto M, Maiorano L, Nils-
son M-C, Normand S, Öckinger E, Schmidt NM, Termansen M, 
Timmermann A, Wardle DA, Aastrup P, Svenning J-C (2013) 
The role of biotic interactions in shaping distributions and real-
ised assemblages of species: implications for species distribution 
modelling. Biol Rev 88:15–30

Yang S, Song S, Li F, Yu M, Yu G, Zhang Q, Cui H, Wang R, Wu Y 
(2022) Vegetation coverage changes driven by a combination of 
climate change and human activities in Ethiopia, 2003–2018. 
Ecol Informatics 71:101776

Yosefzadeh H, Tabari M, Espahbodi K, Jalali GA, Bussotti F, Abdi E 
(2009) Inter - and Intrapopulation variation of leaf morphologi-
cal traits in natural stands of Buxus hyrcana (Pojark.) in Caspian 
Forests (Iran). Pol J Ecol 57:291–301

Young A, Boyle T, Brown T (1996) The population genetic conse-
quences of habitat fragmentation for plants. Trends Ecol Evol 
11:413–418. https://​doi.​org/​10.​1016/​0169-​5347(96)​10045-8

Yousefzadeh H, Amirchakhmaghi N, Naseri B, Shafizadeh F, 
Kozlowski G, Walas Ł (2022) The impact of climate change on 
the future geographical distribution range of the endemic rel-
ict tree Gleditsia caspica (Fabaceae) in Hyrcanian forests. Ecol 
Informatics 71:101773

Zetterberg A, Mörtberg UM, Balfors B (2010) Making graph theory 
operational for landscape ecological assessments, planning, 
and design. Landsc Urban Plan 95:181–191. https://​doi.​org/​10.​
1016/j.​landu​rbplan.​2010.​01.​002

Zheng K, Wei J-Z, Pei J-Y, Cheng H, Zhang X-L, Huang F-Q, Li F-M, 
Ye J-S (2019) Impacts of climate change and human activities 
on grassland vegetation variation in the Chinese Loess Plateau. 
Sci Total Environ 660:236–244

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0226225
https://doi.org/10.1371/journal.pone.0226225
https://doi.org/10.1093/bioinformatics/btm442
https://doi.org/10.1093/bioinformatics/btm442
https://doi.org/10.5194/gmdd-4-1063-2011
https://doi.org/10.5194/gmdd-4-1063-2011
https://doi.org/10.1016/0169-5347(96)10045-8
https://doi.org/10.1016/j.landurbplan.2010.01.002
https://doi.org/10.1016/j.landurbplan.2010.01.002

	The influence of climate and population density on Buxus hyrcana potential distribution and habitat connectivity
	Abstract
	Introduction
	Materials and methods
	Results
	Model performance and contributions by variables
	Potential habitat under current climate change
	Potential habitat under past climate change
	Potential habitat under future climate change (2070)
	Potential range with correction on human population density
	Spatial connectivity model
	MSPA model

	Discussion
	Conclusion
	Anchor 15
	References




