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Abstract

Natural and human-induced disturbances are major drivers of the decline and loss of vulner-
able species worldwide. Among these, fires are particularly disruptive as they can devastate 
entire ecosystems. Assessing the likelihood and severity of such disturbances on plant com-
munities is crucial for the management and conservation of biodiversity. This study aims to 
analyze fire susceptibility using the Maximum Entropy (MaxEnt) model to evaluate the po-
tential impacts of fires on the biodiversity of a lowland forest in Azerbaijan. The research was 
conducted as part of the project on the evaluation of Red Book species in Azerbaijan based on 
IUCN categories and criteria. In this study, 21 rare plant species found in the Samur-Yalama 
National Park (SYNP) were assessed for fire susceptibility, as they have been significantly af-
fected by fires in recent years. The fire susceptibility analysis included 12 driving factors, cat-
egorized into topographic, vegetation, and climatic factors, and identified 564 wildfire incidents. 
Model performance was evaluated using the AUC value, which was 0.855, indicating good 
model accuracy. Fire susceptibility was classified into three categories: low, moderate, and high. 
According to the results, 12,642 hectares (60.82%) of the SYNP area fall under low susceptibil-
ity, 5532 hectares (26.62%) under moderate susceptibility, and 2611 hectares (12.56%) under 
high susceptibility. Rare plant species in SYNP were evaluated based on their fire susceptibility. 
It was found that Alcea kusariensis (Iljin ex Grossh.) Iljin, Anacamptis morio subsp. picta 
(Loisel.) Jacquet & Scappat., Equisetum hyemale L., Orchis purpurea Huds., Pinus brutia 
var. eldarica (Medw.) Silba, Platanus orientalis L., Punica granatum L., and Quercus 
castaneifolia C.A.Mey are located in areas classified as having high susceptibility.

Keywords: fire susceptibility, lowland forests, MaxEnt, vulnerable species, Samur-Yalama 
National Park

1. Introduction
Biodiversity conservation is essential for sustaining 

major economic activities and ensuring a sustainable 
way of life, as it plays a crucial role in ecosystem resil-
ience and stability (UNDP 2014). The loss of biodiver-
sity reduces the resilience of ecosystems, making them 
more vulnerable to shocks and disturbances and less 
capable of providing essential services to humans 
(Arrogante-Funes et al. 2022). Natural disasters, in 
particular, contribute significantly to the decline of 
endangered species across many regions of the world 
(Chandra and Bhardwaj 2015). These vulnerable spe-
cies contribute to various ecological functions and the 
overall capacity of biological systems (Jain et al. 2014). 

The increasing risk of extinction faced by rare species 
and their functional importance underscores the need 
for further research into effective conservation strate-
gies (Patykowski 2018).

Although one of the primary objectives of protect-
ed areas is to safeguard rare species, these plant popu-
lations remain vulnerable to anthropogenic fires and 
other threats. Fires, a critical environmental distur-
bance, can significantly alter ecosystem services and 
biodiversity in temperate forests (Secretariat of the 
Convention on Biological Diversity 2001, Babu et al. 
2016). They can modify the structure of biodiversity 
(Thonicke et al. 2001), threaten species composition 
(Moretti et al. 2004), exacerbate land degradation and 
deforestation (Hernandez-Leal et al. 2006), reduce 
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overall carbon storage, and increase air pollution 
(Healey et al. 2014, Jhariya and Raj 2014). Irregular or 
infrequent fires disrupt the ecological balance, affect-
ing the soil, flora, fauna, and atmospheric conditions 
of fire-sensitive ecosystems (Hardesty et al. 2005).

Most plant communities in lowland temperate for-
ests, which are sensitive to fire, exhibit high flammability. 
While some species, such as thick-barked pedun culate 
oak, can survive low-intensity fires, other fire-resistant 
communities may be destroyed ( Secretariat of the 
Convention on Biological Diversity 2001). Therefore, 
understanding the potential impact of such distur-
bances on plant habitats is critical for the effective pro-
tection of biodiversity (Driscoll et al. 2010).

In fire management and biodiversity conservation, 
mapping fire susceptibility and risk is crucial for mit-
igating deforestation and desertification (Ghorbanzadeh 
et al. 2019b). Effective and sustainable firefighting 
 resource planning requires addressing structural fac-
tors that influence fire ignition and propagation, such 
as topography, vegetation structure, human activities, 
and weather patterns (Chen and Jin 2022). The scien-
tific literature suggests several methodologies for 
mapping fire susceptibility, including linear and logis-
tic regression, artificial neural networks, support vector 
machines, random forests, fuzzy logic, deep learning, 
coevolutionary neural networks, multilayer percep-
tron, Analytic Hierarchy Process (AHP),  Analytical 
Network Process (ANP), and maximum entropy 
(MaxEnt) models (Lozano et al. 2008, Chuvieco et al. 
2010, Arpaci et al. 2014, Yakubu et al. 2015, Fonseca et 
al. 2016, Akay and Shahin 2019, Ghorbanzadeh et al. 
2019a, Li et al. 2019, Zhang et al. 2019, Adaktylou et al. 
2020, Gheshlaghi et al. 2020).

Among these, the MaxEnt algorithm is particu-
larly effective in modeling the relationship between 
environmental variables and fire ignition probabilities 
(Elith et al. 2011, De Martino and De Martino 2018, 
Martín et al. 2018). When well-organized datasets – 
including natural, geological, woodland, and meteo-
rological data – are integrated within a Geographic 
Information System (GIS), MaxEnt can provide a de-
tailed understanding of changes in the spatial distribu-
tion of fire risk and the factors influencing these 
 changes (Ebrahimi et al. 2018, Yang et al. 2021, Banerjee 
2021).

As noted by Arrogante-Funes (2022), the Caucasian 
ecoregion is highly susceptible to fires and experi-
ences prolonged delays in recovery following such 
events. Although fire is not a natural characteristic of 
Azerbaijan's forests, human activities have increas-
ingly triggered fires, resulting in significant adverse 
impacts on biodiversity (UNECE/FAO 2000). In recent 

years, Azerbaijan has seen a continuous rise in fire in-
cidents, particularly during the fire season, which 
spans the hot and dry period from June to September.

According to statistics, a total of 102,622 fire inci-
dents, categorized as vegetation fires, were recorded 
over the past decade, burning a cumulative area of 
262,696 hectares (ha) (Report of MES 2012-2022). Of 
these incidents, 261 occurred in forested areas, affect-
ing 2924 ha, while 91,980 fires in shrublands burned 
171,009 ha. Additionally, 554 fires in grain fields af-
fected 4915 ha, and 9827 fires in harvested grain fields 
burned 83,848 ha (Report of MES 2012-2022). Despite 
occasional fires in gardens and haystacks, the majority 
of fire incidents have led to extensive damage in criti-
cal ecosystems, highlighting the need for effective fire 
management and prevention strategies.

The number of plant species listed in the Red Book 
of Azerbaijan has increased to 460 (RBA 2013, RBA 
2023), indicating that current conservation measures 
may be insufficient. Many rare species, even those 
within protected areas, are not showing a positive 
trend in population recovery. This highlights the ur-
gent need for establishing a scientific framework to 
evaluate these species and develop targeted conserva-
tion strategies.

The present study aims to analyze fire susceptibil-
ity using a machine learning technique, the Maximum 
Entropy (MaxEnt) model, to evaluate the vulnerabil-
ity of threatened plant species in a lowland forest in 
Azerbaijan. The findings of this research could be cru-
cial for understanding the impact of fire susceptibility 
on plant biodiversity, not only within the Caucasian 
ecoregion but also on a global scale. This study was 
conducted as part of a project focused on the evalua-
tion of Red Book species in Azerbaijan according to 
IUCN categories and criteria. The primary goal is to 
analyze limiting factors affecting rare species and to 
assess their interactions with fire susceptibility 
through robust analytical methods rather than mere 
observation.

The results of this research are detailed for each 
species in the third edition of the Red Book, published 
in May 2023. While this study effectively evaluates the 
fire susceptibility of rare plant species, it is limited by 
not considering how individual species recover after 
a fire event. Furthermore, the study was conducted 
only in areas where these species are currently found. 
Future research, leveraging the MaxEnt model, should 
aim to compare the predicted distribution of these rare 
species across different risk zones. Although this ar-
ticle focuses exclusively on fire susceptibility, other 
risks have been documented based on field observa-
tions. Investigating these additional threats is 
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 challenging, but evaluating the potential impact of 
various risks, including fire, across both lowland and 
mountain ecosystems, will greatly enhance conserva-
tion management efforts.

2. Materials and Methods

2.1 Study Area
Approximately 15% of Azerbaijan's forests are lo-

cated in the lowland plains, which are heavily affected 
by anthropogenic factors. A significant portion of 
these plain forests is situated in the Khachmaz district, 
a region highly susceptible to fire incidents due to its 
geographic and vegetative characteristics (Abbasov 
2014). The Samur-Yalama National Park (SYNP), es-
tablished to protect this unique forest ecosystem and 
its rich biodiversity, has been severely impacted by 
fires in recent years (Report of MES 2012–2022).

SYNP is located in the Khachmaz district, with an 
approximate center at coordinates 41.750000° N, 
48.650000° E, and an elevation ranging from 25 to 
60 meters above sea level (a.s.l.). For comparison, the 
current level of the Caspian Sea is –27 meters a.s.l. 
( Report of MENR 2014). The park itself spans an area 
of 11,772 hectares, while the surrounding region 
 covers a total of 20,785 hectares. It is bordered to the 
north by the Russian Federation, to the east by the 
Caspian Sea, to the west by the Baku-Moscow railway 
line, and to the south by the road from Khudat to the 
village of Istisu along the Caspian coast.

The forests in this area are named after the Samur 
River delta, where they are located. Approximately 
half of these forests lie within Russian territory. These 
forests, sharing the same ecosystem and facing similar 
ecological challenges, have been designated as pro-
tected areas in both countries (Report of MENR 2014, 
Ibilkasumov 2018, Abiyev et al. 2020a).

Fig. 1 Location of SYNP
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The climate of the Samur-Yalama National Park 
(SYNP) is characterized by dry, warm summers and 
mild winters. It falls under a temperate-warm climate 
type typical of semi-deserts and dry steppes, with 
minimal continental influence. The average annual 
temperature is around 13°C. During the fire season, 
which lasts from mid-May to the end of September, 
temperatures typically range between 22°C and 24°C. 
Annual precipitation in the SYNP is relatively low, 
between 300 and 400 mm, yet it is higher compared to 
the central parts of the country. However, as in all arid 
regions, evaporation rates are twice as high as pre-
cipitation levels. Wind speeds in the area range from 
1 to 8 m/s throughout the year, with an average of 3 to 
6 m/s, but can reach 10 to 20 m/s for approximately 20 
days annually (Abiyev et al. 2020b).

The dominant tree species in the SYNP include 
Quercus robur subsp. pedunculiflora (K.Koch) Menitsky, 
Carpinus betulus L., Populus alba L., Fraxinus excelsior L., 
and Alnus glutinosa subsp. barbata (C.A.Mey.) Yalt. 
 Under the forest canopy, various shrubs, small trees, 
and lianas are prevalent, such as Cornus mas L., Cratae-
gus pentagyna Waldst. & Kit. ex Willd., Prunus cerasifera 
Ehrh., Mespilus germanica L., Corylus avellana L., and 

Hedera helix L. (Abiyev et al. 2019). Due to environmen-
tal and anthropogenic factors, the forest density in the 
SYNP has decreased by approximately 12% over the 
last 30 years (Abiyev et al. 2020a).

2.2 Endangered Plant Species
Twenty-one species listed in the 2023 edition of the 

Red Book are known to be distributed within this eco-
system. Considering the vegetation period, popula-
tions of rare species were surveyed in different routes 
without exception for twenty-four months (between 
2020–2022) in high fire incidence areas and GPS 
 coordinates were collected. Among these, Quercus 
castaneifolia C.A.Mey, Parrotia persica (DC.) C.A.Mey., 
Pinus brutia var. eldarica (Medw.) Silba, and Platanus 
orientalis L. have been planted from different ecosys-
tems in 1970–1990 by the Forest Development Service 
for reforestation and landscape restoration purposes 
(Table 1).

The mentioned species belong to the group of rare 
species whose distribution overlaps with areas of high 
fire susceptibility. These species are particularly vul-
nerable during the growing season, as they are likely 
to be destroyed in the event of a fire (Fig. 2).

Table 1 Endangered plants common in SYNP

№ Name Category and Criteria*
1. Alcea kusariensis (Iljin ex Grossh.) Iljin Pink list
2. Anacamptis morio subsp. picta (Loisel.) Jacquet & Scappat. VU B1a+2b(ii,iii,v)
3. Crocus adamii J.Gay VU B1ab(i,iii)
4. Crocus speciosus M.Bieb. EN B1ab(i,ii,iii)
5. Diospyros lotus L. Pink list
6. Equisetum hyemale L. CR B1ab(ii)
7. Hedera pastuchovii Woronow Pink list
8. Iris reticulata M.Bieb. Pink list
9. Ophrys sphegodes subsp. taurica (Aggeenko) Soó ex Niketić & Djordjevic EN B2ab(ii,iii)

10. Orchis purpurea Huds. EN B2ab(iii,iv)
11. Ornithogalum ponticum Zahar. Pink list
12. Parrotia persica (DC.) C.A.Mey. NT
13. Pinus brutia var. eldarica (Medw.) Silba NT
14. Platanthera chlorantha (Custer.) Reichenb. EN 2b (iii)c(v)
15. Platanus orientalis L. VU A2c+3c
16. Punica granatum L. EN B2ab(ii,iii,iv,v)
17. Pyracantha coccinea M.Roem. Pink list
18. Quercus castaneifolia C.A.Mey EN B2ab(iii)
19. Quercus pubescens Willd. NT
20. Tulipa sylvestris subsp. australis (Link) Pamp. NT
21. Vitis vinifera L. LC

* IUCN Categories: EX – Extinct; EW – Extinct in the Wild; CR – Critically Endangered; EN – Endangered; VU – Vulnerable; NT – Near Threatened; LC – Least Concern; DD – Data Deficient; 
NE – Not Evaluated (IUCN 2024)
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2.3 Fire Incidents and Driving Factors Data
According to statistics, Khachmaz is one of the 

most vulnerable districts to fire incidents due to its 
geographic and vegetative conditions, and fire inci-
dents have been increasing over the last decade 
( Report of MES 2012–2022). In the present study, 564 
vegetation fire ignition points recorded between 2012 
and 2021 were obtained from the State Fire Protection 
Service of the Ministry of Emergency Situations of the 
Republic of Azerbaijan (Fig. 3).

Depending on the specific geographical area, spe-
cific parameters affecting fire-related processes are 
used in the methods employed for susceptibility as-
sessments. Socio-economic, topographic, flammable, 
and climatic factors play a key role in early warning 
of fires or in evaluating their consequences. The most 
commonly applied parameters in general scientific 
literature was selected and used, taking into account 
their availability in Azerbaijan.

The study included environmental feature data at 
a 30-second resolution, such as rainfall patterns, aver-
age wind speed, and ambient air temperature during 

the arid period in Khachmaz, obtained from World-
Clim2 (http://www.worldclim.com/version2). Annual 
Mean Temperature (BIO 1) was used as it is a signifi-
cant parameter (Fig. 3). Topographic parameters were 
derived for analysis using a 12.5 m resolution Digital 
Elevation Model (DEM) from the ALOS PALSAR sat-
ellite (Fig. 3).

Forest types and density, as well as understory 
vegetation, were assessed using ESRI base maps, for-
est inventory maps, NDVI, CIgreen, and direct field 
research in the area. Multispectral images were ob-
tained from the Landsat satellite of USGS and the 
SPOT satellite of Azercosmos in June 2022 (Abiyev et 
al. 2020a) (Fig. 3). NDVI and CIgreen were calculated 
using the formulas:
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2.4 Fire Susceptibility Analysis with Maximum 
Entropy

The maximum entropy principle, derived from sta-
tistical mechanics and information theory, is used in 
ecological modeling to predict the most probable dis-
tribution of species given limited information (Phillips 
2017). MaxEnt (Maximum Entropy Modeling) is a ma-
chine learning algorithm designed to estimate species 
distribution by analyzing presence-only data and iden-
tifying the environmental constraints that maximize 
entropy. This method is particularly advantageous 
when absence data is unavailable, making it ideal for 
ecological niche modeling and habitat suitability as-
sessments (Elith et al. 2011, Sánchez et al. 2021).

MaxEnt produces a probability distribution over a 
set of environmental variables by selecting the distri-
bution that is closest to uniform while adhering to the 
constraints imposed by the presence data. The algo-
rithm iteratively adjusts the weights of these variables 
to maximize the likelihood of the observed presences, 
resulting in a final model that describes the potential 
distribution of the species across the study area. Key 
features of the MaxEnt algorithm include its ability to 
handle complex interactions between variables and its 
robustness to small sample sizes, which are common 
issues in ecological studies (Merow et al. 2013). For 
detailed information about MaxEnt please check 
 Sánchez et al. (2021).

In this study, the MaxEnt model was used to assess 
fire susceptibility by integrating 564 vegetation fire 
ignition points recorded between 2012 and 2021 with 

Fig. 2 Location of rare plants (Numbers are the same as in Tab. 1)
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various environmental and topographic factors. The 
AUC (Area Under the Curve) values and jackknife 
resampling method were used to validate model per-
formance and assess the contribution of each variable 
to fire susceptibility. The jackknife test is particularly 
useful in this context as it evaluates the importance of 
each predictor by measuring the change in model per-
formance when the predictor is excluded or used 
alone (Elith et al. 2011).

Default parameter settings were used during the 
MaxEnt model runtime, with a random selection of 

training data. This includes setting the regularization 
parameter, which controls the complexity of the mod-
el to avoid overfitting, and selecting feature types such 
as linear, quadratic, and hinge, which define the shape 
of the response curves for each predictor variable. The 
resulting model outputs were then processed using 
ArcGIS Pro. Raster pixel scores ranged from 0 to 1, 
reflecting fire susceptibility, where higher values indi-
cate more susceptibility to fire (Yang et al. 2021).

The spatial overlap between high fire susceptibility 
zones and rare plant localities was examined using the 

Fig. 3 Parameters Used in the Study: 1 – fire ignition points, 2 – elevation, 3 – slope, 4 – aspect, 5 – distance to agricultural areas, 6 –  distance 
to stream, 7 – distance to settlements, 8 – distance to road, 9 – vegetation cover, 10 – forest density, 11 – understory vegetation, and 
12 – annual mean temperature (BIO 1)
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»Extract Values to Points« tool (Spatial Analyst Tools/
Extraction) in ArcGIS Pro. This analysis is essential for 
understanding how fire susceptibility intersects with 
areas of conservation concern, thereby aiding in the 
prioritization of management efforts.

Fig. 4 outlines the methodological workflow of this 
study, including the following steps:

Þ  compiling the wildfire incident inventory and 
selecting independent variables

Þ  applying the MaxEnt model and evaluating pa-
rameter contributions

Þ  validating the model using AUC and jackknife 
tests

Þ  interpreting the results for conservation plan-
ning.

3. Results and Discussion
The accuracy and performance of the MaxEnt 

model were evaluated using the Area Under the Curve 
(AUC) of the Receiver Operating Characteristic (ROC) 
analysis, a widely recognized metric for assessing 
model performance in binary classification problems. 
The AUC values obtained from both the training and 
test datasets were 0.855 (Fig. 5), which is significantly 
above the threshold of 0.8, indicating that the wildfire 

prediction model achieved a high level of predictive 
accuracy. This result demonstrates that the model is 
robust and reliable for delineating areas of specific 
vulnerability to wildfires, making it a valuable tool for 
fire susceptibility assessment and management in 
Samur-Yalama National Park (SYNP).

The robustness of the model was further validated 
using the jackknife test, which is effective in determin-
ing the significance and relative importance of each 
independent variable within the model (Sari 2023). 
The test results confirmed that the model's probability 
predictions for fire occurrence were stable and reli-
able. The analysis revealed that human activities were 
the predominant drivers of fire susceptibility, with 
anthropogenic factors such as settlement proximity, 
road networks, and land use/land cover (LU/LC) col-
lectively accounting for 72.4% of the model's explana-
tory power. This finding is consistent with numerous 
studies that emphasize the critical role of human-in-
duced factors in wildfire occurrences, particularly in 
areas with significant human influence (Martin et al. 
2018, Devisscher et al. 2019).

In contrast, natural variables, including climatic 
conditions, vegetation, and topography, contributed 
relatively less to the overall model, with a combined 
impact of 22.5%. Notably, climatic conditions only ac-
counted for 3.2%, which is relatively low compared to 

Fig. 4 Workflow of the study
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human-related factors. This suggests that although 
climatic variables such as temperature and precipita-
tion can influence fire susceptibility and behavior, 
they may not be the primary drivers in this region. The 
relatively low contribution of natural variables could 
be attributed to the park specific environmental condi-
tions, where human activities play a more dominant 
role in fire ignition and propagation.

The model's findings also highlight the significant 
impact of vegetation (15.8%) on fire susceptibility. 
Vegetation type and density can influence fire spread, 
fuel consumption and intensity, as certain plant com-
munities are more flammable or can sustain fires 
 longer. This is particularly relevant in areas where 
vegetation and human activities intersect, increasing 
the likelihood of fire ignition. The relatively high 

Fig. 5 ROC curve; Environmental variables. (Aspect, BIO 1, DEM, Distance to streams, Distance to agriculture, Distance to settlement, Distance 
to roads, Forest density, Slope, Understory, Vegetation); Percent contribution and permutation importance of variables
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 contribution of vegetation in this study aligns with 
findings from other fire-prone regions, where vegeta-
tion management is considered a key component of 
fire susceptibility mitigation strategies (Yang et al. 2021).

A fire susceptibility map of Samur-Yalama National 
Park (SYNP) was developed using the MaxEnt model-
ing environment, classifying the park into three distinct 
levels of susceptibility: low, moderate, and high. These 
categories were derived using the maximum entropy 
method, which provides a probabilistic assessment of 
fire susceptibility based on environmental and anthro-
pogenic variables. The results indicated that low-sus-
ceptibility areas, covering 12,642 hectares (60.82%), 
constituted the majority of the park. These zones are 
primarily dense forest regions with minimal human 
impact, where the probability of human-induced wild-
fires is relatively low. Factors such as forest density and 
understory vegetation in these areas likely contribute 
to reducing the potential for fire ignition and spread.

Moderate-susceptibility areas, accounting for 5532 
hectares (26.62%), serve as buffer zones that include a 
mix of land-use types and settlements. These areas 
represent transitional zones between high and low 

susceptibility regions and are characterized by a mod-
erate level of human activity. The presence of settle-
ments and fragmented landscapes may increase fire 
susceptibility due to higher accessibility and potential 
ignition sources.

High-susceptibility areas, covering 2611 hectares 
(12.56%), are primarily located in regions with high 
population density, developed transportation net-
works, significant economic activity, and a higher like-
lihood of human-induced fires and forest disturbanc-
es. These findings indicate that human factors such as 
proximity to roads, settlements, and intensive land use 
play a crucial role in elevating fire susceptibility in 
these zones. Despite their relatively small proportion, 
these high-susceptibility areas are critical as they pose 
a greater threat to the park biodiversity and require 
targeted fire management strategies.

The fire susceptibility values in SYNP ranged from 
0 to 0.97, reflecting a gradient of fire susceptibility 
across the park. High-susceptibility values are associ-
ated with areas that have greater human influence and 
more flammable vegetation types, making them more 
prone to fire incidents. This spatial distribution 

Fig. 6 Fire susceptibility map of Samur-Yalama National Park Fig. 7 Comparison of rare plant localities with risk areas
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 highlights the need for focused management efforts 
in high-susceptibility zones to mitigate the impact of 
 potential wildfires and protect vulnerable ecosystems.

Rare plant species in Samur-Yalama National Park 
are predominantly found in sparse forests, along road-
sides, and in coastal open spaces, making them more 
vulnerable to anthropogenic influences. The locations 
of these rare plant species were compared with the fire 
susceptibility map and classified into high, medium, 
and low-susceptibility categories (Fig. 7). As shown in 
Table 2, species such as Alcea kusariensis (Iljin ex 
Grossh.) Iljin, Anacamptis morio subsp. picta (Loisel.) 
Jacquet & Scappat., Equisetum hyemale L., Orchis 
 purpurea Huds., Pinus brutia var. eldarica (Medw.) 
 Silba, Platanus orientalis L., Punica granatum L., and 
Quercus castaneifolia C.A. Mey are classified as being 
in the high susceptibility category.

Fires in SYNP predominantly recur in reed-domi-
nated areas, which are characterized by high flamma-
bility. Fire can pose significant threats to rare plant 
species in temperate forests by causing habitat loss 
and altering ecosystems (Berlinck and Batista 2020). 
Intense or frequent fires can outpace the recovery of 
these plants, especially if they have limited seed banks 
or specific habitat requirements. Additionally, inva-
sive species may thrive in post-fire conditions in fire-

sensitive temperate forests like SYNP, further threat-
ening the survival of native flora (Maringer et al. 2012). 
If fire regimes become altered due to human influence 
(McWethy et al. 2013), the delicate balance necessary 
for the survival of these rare plants may be disrupted, 
leading to further declines in their populations 
( Kitzberger et al. 2016).

The high-susceptibility zones include swamps 
dominated by Phragmites australis (Cav.) Steud., forests 
with dense understory such as those dominated by 
Quercus robur subsp. pedunculiflora (K.Koch) Menitsky, 
and shrub vegetation dominated by Rubus creticus 
Tourn. ex L.. These habitats, due to their structure and 
fuel load, are more prone to fires, and the impact on 
plant communities in these areas can be severe. For 
instance, in grasslands, an average of five plant species 
can be burned per square meter during a fire, while 
approximately ten species are affected per 100 square 
meters in forested areas. If a fire completely burns 
through one hectare of forest, it can result in the loss 
of approximately 350–400 cubic meters of timber. This 
not only affects the plant species but also disrupts the 
habitat for various fauna and the overall ecosystem 
services provided by these forests.

The study's use of the MaxEnt model for fire sus-
ceptibility mapping is consistent with methodologies 

Table 2 Fire Susceptibility Classes and Associated Risks of Rare Plant Species

No. Name Fire Susceptibility Classes Other risks
1. Alcea kusariensis (Iljin ex Grossh.) Iljin 1, 2 Toursim
2. Anacamptis morio subsp. picta (Loisel.) Jacquet & Scappat. 1 Toursim
3. Crocus adamii J.Gay 2 Agriculture, trampling
4. Crocus speciosus M.Bieb. 2, 3 Toursim, wind
5. Diospyros lotus L. 2, 3 Antropogenic
6. Equisetum hyemale L. 1, 3 Toursim
7. Hedera pastuchovii Woronow 2, 3 No risk
8. Iris reticulata M.Bieb. 3 Trampling
9. Ophrys sphegodes subsp. taurica (Aggeenko) Soó ex Niketić & Djordjevic 3 Toursim, mowing
10. Orchis purpurea Huds. 1 Toursim, mowing
11. Ornithogalum ponticum Zahar. 2, 3 Trampling, mowing
12. Parrotia persica (DC.) C.A.Mey. 2 No riks
13. Pinus brutia var. eldarica (Medw.) Silba 1, 2, 3 Mass drying, diseases
14. Platanthera chlorantha (Custer.) Reichenb. 3 Ecotoursim
15. Platanus orientalis L. 1, 2, 3 No risk
16. Punica granatum L. 1 No risk
17. Pyracantha coccinea M.Roem. 3 No risk
18. Quercus castaneifolia C.A.Mey 1 No risk
19. Quercus pubescens Willd. 2, 3 Toursim
20. Tulipa sylvestris subsp. australis (Link) Pamp. 3 Ecotoursim
21. Vitis vinifera L. 2, 3 Rough picking of fruits
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applied in similar research across different regions. 
Yang et al. (2021) reported an AUC value of 0.81, high-
lighting the effectiveness of climate and vegetation 
parameters in fire susceptibility assessment. Similarly, 
Banerjee (2021) found that climate factors and popula-
tion density were significant drivers of fire susceptibil-
ity. Martin et al. (2018) identified roads and wildland-
agricultural interfaces as critical factors, achieving an 
AUC of 0.86. Devisscher et al. (2019)) emphasized the 
importance of proximity to roads and recent deforesta-
tion as major contributors to fire susceptibility. These 
findings underscore the consistency in the identifica-
tion of key drivers of fire susceptibility across various 
studies and geographic regions.

The current study's classification of fire susceptibil-
ity into three levels – low, moderate, and high – is 
suitable for SYNP due to its specific context. Although 
a five-class system, as suggested by Ferrarini (2012), is 
commonly used in larger and more diverse study ar-
eas, the relatively smaller scale of SYNP makes a three-
class system more effective and less ambiguous for 
practical applications. The three-class system allows a 
clearer identification of priority areas for fire manage-
ment and conservation, making it easier to implement 
targeted interventions. This approach was chosen to 
balance the complexity of the data with the need for 
practical and actionable information for park manage-
ment. By simplifying the model output into three clear 
categories, the study aimed to facilitate more effective 
susceptibility assessment and resource allocation for 
fire management. This method thus provides a robust 
and intuitive framework for identifying and prioritiz-
ing areas that require varying levels of intervention 
and conservation efforts within the park.

Overall, the study demonstrates that fire suscepti-
bility, influenced predominantly by anthropogenic 
factors, poses a significant threat to the rare plant spe-
cies in SYNP. To mitigate this susceptibility, it is es-
sential to implement targeted fire management strate-
gies, such as creating firebreaks, regulating human 
access to high-susceptibility areas, and enhancing fire 
monitoring and early warning systems. Future re-
search should focus on integrating dynamic factors 
such as seasonal variations in vegetation and changing 
land use patterns to refine the model further and im-
prove the accuracy of fire susceptibility assessments.

4. Conclusions
This study demonstrates the effective use of the 

MaxEnt model in assessing fire susceptibility for 
threatened plant species in the temperate forest eco-
system of Azerbaijan. The model's high predictive ac-

curacy (AUC of 0.855) underscores its reliability in 
identifying areas of varying susceptibility levels. The 
findings reveal that a significant portion of Samur-
Yalama National Park is categorized under low fire 
susceptibility, with smaller but crucial areas falling 
under moderate and high susceptibility. The high sus-
ceptibility zones, primarily influenced by anthropo-
genic factors such as proximity to settlements and 
intensive land use, pose a severe threat to the biodi-
versity of the park, particularly to rare and endan-
gered plant species.

The spatial overlap between high fire susceptibility 
zones and the distribution of rare plant species under-
scores the urgent need for targeted conservation and 
fire management strategies. To mitigate these threats, 
targeted fire management strategies are imperative, 
including the creation of firebreaks, regulation of hu-
man activities in high susceptibility areas, and the en-
hancement of fire monitoring and early warning sys-
tems. Moreover, future research should explore the 
integration of dynamic factors, such as seasonal veg-
etation changes and evolving land use patterns, to 
refine the model further and improve its accuracy. 
Understanding the interplay between these factors 
will be essential for developing comprehensive con-
servation strategies and ensuring the long-term pro-
tection of vulnerable plant species in the region.

Despite the effectiveness of the MaxEnt model in 
predicting fire susceptibility, the study acknowledges 
certain limitations, including the lack of data on post-
fire recovery patterns of individual species and the 
focus on areas where these species are currently found. 
Future research should expand on this study by com-
paring the predicted distribution of rare species across 
different susceptibility zones and by evaluating other 
environmental risks that may threaten biodiversity in 
both lowland and mountainous regions. A more com-
prehensive understanding of the factors influencing 
fire susceptibility and their interactions with rare spe-
cies will greatly enhance the development of effective 
conservation strategies, ensuring the long-term pro-
tection and resilience of vulnerable ecosystems in the 
Caucasus ecoregion.
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