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Abstract

:

This research analyzes the spatiotemporal patterns of wildfire regime attributes (e.g., seasonality, size, frequency, and burn rate) across the Golestan National Park (GNP), northeast Iran over the last two decades. We used a variety of data, including existing vegetation data, current vegetation survey, and historical wildfire data, and then data were processed through ArcMap. We also predicted fire exposure profiles (burn probability (BP), conditional flame length (CFL (m)), and fire size (FS (ha)) by the application of the minimum travel time (MTT) fire spread algorithm. The kernel density estimation (KDE) method was used to estimate wildfire likelihood, based on recent wildfires (2000–2020) that occurred in the GNP. Finally, we developed a logistic regression model to investigate how independent variables such as weather, fuel, and topographic data influence wildfires in the park. Wildfires in the landscape have not been constant in either space or time. Their extent, seasonality, frequency, and other wildfire regime characters varied considerably across the landscape. Our results highlighted that shrublands in the southern part of the park showed, in general, the highest values in terms of the wildfire regime attributes. Large fires (10–100 ha, 51%) and very large fires (>100 ha, 24%), fire intervals greater than 10 years (90%), and high burn rates (>1% y−1, 35%) are all characteristics that contribute to high wildfire activity in shrublands. Similarly, areas predicted to have high wildfire exposure levels (average BP = 0.004; average CFL = 1.60 m; average FS = 840 ha) are found in the fuel models of high-load grass and medium-load shrub. Finally, the regression model results revealed that weather and fuel were the most influential parameters (R2 ≥ 0.2), while topography had comparatively less influence in the study area. In light of these results, we suggest proactively incorporating this information into fire and fuel management which can help develop a fire prevention plan, predict fire ignition probability and frequency, and finally address altered fire regimes threatening the park.
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1. Introduction


Wildfires have been present in the Earth system since the vegetation colonized the continents, shaping biota and landforms; humans used them for 1 million years to manage the landscapes as hunters-gatherers, and later as farmers [1,2]. The distinct pattern in which wildfires naturally occur in a particular ecosystem during long periods is known as the wildfire regime [3,4]. The wildfire regime is a generalized description of the typical fire characteristics in a specific area during a given time, such as statistical distributions seasonality, fire return interval, size, intensity, and severity [5,6]. These attributes depend on various drivers including climate, land use/cover (LUC), and topography. However, several studies [7,8] highlighted—at the global level—a deviation from eco-climatic fire regimes towards anthropogenically driven regimes. That is, anthropogenic activities (fire suppression, fire policies, LUC, and vegetation changes) greatly influenced patterns of fire seasonality, normally driven by climate or weather [9]. In turn, under climate change, this situation can further introduce ecosystem changes, affecting ecosystem services.



Studies of past wildfire regimes presented a fire history and fire frequency analysis over the decades [10,11,12]. In these studies, examining the wildfire regime components is implemented for understanding the primary drivers, geographic patterns, and ecological effects of wildfires. For instance, Miller [13] et al. assessed trends and patterns in wildfire size and frequency and the percentage of high-severity wildfires in northwestern California, USA. In general, the percentage of these wildfires was less in years characterized by wildfires of lightning origin. Rogeau [14] et al. used historical data and a sampling strategy to identify past wildfires and calculate fire intervals in southern Canada. Large and high-severity wildfires identified wildfire regime patterns in the study area with mean fire intervals greater than 20 years. Dwomoh and Wimberly [6] identified the spatial patterns and relationship between wildfire regime variables and fire-conductive climate, topography, vegetation, and human factors in West Africa. Villarreal [15] et al. assessed different wildfire regime attributes across climate gradients and vegetation types during the period from 1985 to 2017 in the United States–Mexico borderlands. This approach identified broad-scale wildfire regime patterns, which can be used to understand the main drivers of wildfire and to guide forest and wildfire management efforts. Bergonse [16] et al. characterized four types of fire regimes and their biophysical drivers in central Portugal over 44 years. Furthermore, among biophysical drivers, LUC, slope, and spring rainfall were the most important. These results suggest that these identified wildfire regimes should be subject to specific wildfire mitigation and adaptation strategies.



In addition, to increase our understanding of historical wildfire regimes and how they may adapt to future environmental changes, we need to quantify the independent effects of key environmental drivers on wildfire behavior. Logistic regression methods have been commonly used to analyze the influence of environmental controls on a wildfire in different landscapes across the world [17,18,19,20]. These studies provided a model based on a set of independent environmental factors (weather, fuel, and topography) potentially affecting wildfires.



On the other hand, wildfire risk and exposure analysis are essential for facilitating comparisons across landscapes or fire and fuel management scenarios under different fire regimes. In this regard, burn probability (BP) models integrate both stochastic and deterministic elements of the wildfire regime and provide a framework for further wildfire risk and exposure analyses [21]. BP as a metric of wildfire risk analysis provides an estimate of relative fire likelihood given a specific degree of natural variability in the weather conditions and ignition pattern [22]. In fire-prone landscapes, modeling the distribution of wildfire likelihood and the potential fire behavior and impacts provides key information for effective planning, mitigation, and adaptation [23,24,25]. BP modeling was performed with the Canadian Burn-P3 (probability, prediction, and planning) [26], FSim (large-fire simulation system) [21], FlamMap [27] in the US, and Australian PHOENIX [28]. Several studies have focused on the BP-based risk assessments using recent wildfire data and environmental variables [29,30,31,32,33]. According to these studies, a quantitative framework to characterize wildfire exposure and risk profiles with objective variables such as BP and fire size (FS) has been proposed to help analyze the potential effectiveness of fire and fuel management strategies in fire-prone regions.



Measurements of historic wildfire regimes give a baseline for comparison of current conditions and suggested management [34]. Maps of wildfire regimes provide a broad context for wildfire and fuel management decisions because wildfire regimes reflect the fire environment [35]. However, few studies have specifically examined wildfire regimes in the temperate forest ecosystems of Iran [36,37,38,39], where wildfire is an important phenomenon shaping these ecosystems.



This study characterizes wildfire regimes across Golestan National Park (GNP), a natural protected area in the northeast of Iran. GNP was the first region designated as a national park in Iran and also the first Iranian national park listed on the UNESCO Biosphere Reserve List [40]. The main goal of this research was to examine the vegetation-specific fire regimes across the GNP through the following four parameters: seasonality, size, frequency, and burn rate. We explore and map the different wildfire regime components, as well as their regulating environmental factors, and model wildfire exposure patterns in the GNP landscape. In other words, the analysis of this research is about seeking answers to two important questions: (1) how are wildfire regime components and wildfire exposure parameters distributed across the landscape? and (2) what are the likely effects of the environmental factors on fire at the landscape scale? Considering the mapping of wildfire regime parameters and exposure metrics in the critical fire risk area, this study has a crucial role to play in strategic wildfire and land management planning, identifying high-risk areas, illustrating the changes in natural and human landscape characteristics through time, and highlighting how variations in environmental conditions influence wildfire risk.




2. Materials and Methods


2.1. Description of the Study Area


Golestan National Park (GNP) located in northeast of Iran, covers 87,402 ha, and the bounding coordinates are 37°17′ to 37°31′ N and 55°43′ to 56°17′ E (Figure 1; Table 1). The park is located between three of Iran’s provinces: east of Golestan, north of Semnan, and west of North Khorasan. GNP is primarily a transitional mountainous region between the western Khorasan–Kopet Dagh Mountains and the eastern Alborz Mountain, with average elevations of 1378 m [41]. According to Emberger’s classification, the park has three climate types: (1) cold-arid in the north, south, and east, (2) temperate semi-arid in the west and northwest, and (3) temperate sub-humid located in the west [42]. Southern and eastern areas receive less than 250 mm of rain per year on average, whereas the northeastern and north-central areas receive 300 to 500 mm. During the winter, mountainous portions of the study area are fully covered by snow. The mean annual temperature differs from 12 °C to 18 °C. From March to July and August, the temperature rises to its highest level and then declines to its lowest level in January and February [41]. The study area with the complexity of geology, landform, and climate has a high diversity of vegetation [43]. GNP is in the easternmost regions of Iran’s Caspian forests, constituting a transition zone between Artemisia steppes, juniper woodlands, the montane, and Hyrcanian temperate forests [44]. The transition between tree and grass ecosystems (forest–grassland ecotones) is also a unique and dynamic component of the GNP landscape. In general, there are seven vegetation units in the park, including closed forest, open woodlands and scrubs, mountain meadows, steppes, halophytic communities, hygrophilous and aquatic communities, and fern communities.




2.2. Input Data


To explore wildfire regime and model wildfire exposure patterns in the GNP, we collected three crucial input data: topography, weather, and vegetation. First, we needed geographically referenced data that covered the park to describe the fire patterns in terms of other descriptive factors. Topographic data (slope, aspect, and elevation) were available through a digital elevation model (DEM; 30 m resolution). Regarding weather conditions, we gathered hourly meteorological data from the weather stations of the Golestan Meteorology Department for the study period 2000–2020. Then, we calculated the average daily weather conditions in terms of temperature, humidity, wind speed, and precipitation. Vegetation description was extracted from the LUC map prepared based on Landsat 8 satellite OLI images (19/07/2020; path = 162; row = 34). The image processing steps include pre-processing, supervised maximum likelihood classification, preliminary LUC map (four classes), and qualitative assessment. The overall accuracy of the final LUC map of the park was 86.3%, and Cohen’s kappa was 0.77, as obtained by using ground truth points from field surveys. The basic LUC type identified within the park was vegetation (Figure 2).



Overall, the park covers three vegetation types: grass, shrub, and forest (Figure 2). According to the map, a significant GNP portion (49%, 42,470 ha), particularly in the eastern part, is covered by grasslands and herbaceous pastures. The area includes plains, mountains, and annual grassland ecosystems dominated by Artemisia sieberi Besser., Stipa barbata Desf., Agropyron spp., Bromus persicus Boiss., and Astragalus spp. Mediterranean shrubs (8%, 7312 ha) in the GNP comprised primarily of three dominant species of Juniperus communis L., Juniperus excelsa M. Bieb., Juniperus sabina L. along with Berberis vulgaris L. and Colutea arborescens L. Furthermore, approximately 41% of the park (35,950 ha) is covered by forests. Temperate broadleaf forests are mostly represented by oak (Quercus castaneifolia CA Mey.), Hornbeam (Carpinus betulus L., and Carpinus orientalis Mill.), and succulent maple (Acer cappadocicum Gled.). Furthermore, conifer forests are typical of higher elevations on rocky slopes dominated by juniper woodlands in the eastern and southern parts of the park. Only 2% of the park (1670 ha) is sporadically composed of non-burnable features that prevented fire growth across the landscape, including bare and stony lands, agriculture, and developed areas.



In each vegetation type, representative fuel models used in FlamMap simulations were determined based on the previous study in the park by Jahdi [45]. It is worth mentioning that in the study, herbaceous vegetation and surface litter data were collected from 1 × 1 m, 10 × 10 m, and 30 × 30 m sampling plots, respectively, in the grassland (24 samples), shrubland (8 samples), and forest (22 sample plots) based on stratified random sampling. The map of the selected fuel models in the study area is presented in Figure 2. Furthermore, for the fuel moisture parameter, we used the fuel moisture content which was calculated in the previous study in the GNP by Alhaj Khalaf [46] et al. In Appendix A, a summary of the method for calculating the fuel moisture content is presented. Figure A1 shows the fuel moisture map of the study area, for example, 1 h moisture content.




2.3. Wildfire Data


The Golestan Department of Environment provided fire data of the park from 2000 to 2020. The historical wildfire records contain information about the location, size (ha), type (surface, crown), cause, and date of wildfires. Wildfire statistics for the study period (2000–2020) are summarized in Appendix B for further details (Table A1). Since 2000, 324 fires have been reported in the wildfire database. The wildfires have burned an average of 504 ha of the temperate forest and rangeland ecosystems of the park each year. Annual fire ignition and burned area vary in the study area with as few as 9 fires and <85 ha burned during low activity years (2001, 2006), and over 33 fires and 3124 ha burned during extreme years (2010, 2013) (Table A1). The mean annual fire ignition was 16 fires, and the average fire size was 33 ha. Historical wildfire ignitions in the park for the study period as a function of the final fire size are presented in Figure 1. The south part of the park had more frequent and larger wildfires in comparison to the other parts. There have been 14 very large wildfires (>100 ha) in the southern part of the park.




2.4. Wildfire Regime Attributes


In this research, we focused our attention on temporal (seasonality and fire return interval) and spatial (fire size and burn rate) attributes of wildfire regime. Fire seasonality is the primary burn season and is expressed by the cumulative proportion of yearly area burned over the baseline (2000–2020). The period it takes for a fire to burn most or all of a given area is described by the fire return interval, which integrates fire size and fire occurrence frequency [47]. Buma [48] et al. defined frequent fires as those occurring at 1–10 years and infrequent fires are those occurring at intervals greater than 10 years. Fire size is the extent of the area burned by an individual fire, the distribution of individual fire sizes, or the total area burned by all wildfires within a specified period. Finally, the burn rate represents the annual burned area percentage [49].




2.5. Wildfire Exposure Modeling


In wildfire risk and exposure modeling, point data are used to represent fire ignition points, which can be considered as a dependent variable, while spatial data are used to represent independent variables such as fuel and topography. Therefore, in wildfire risk analysis, the conversion of historical wildfire data to continuous data and locations of fire ignition points with greater accuracy is required. To model wildfire likelihood, we applied the kernel density interpolation approach based on the nearest neighbor distance of the fire ignition points that occurred in GNP during the study period. The kernel density estimation (KDE), a non-parametric statistical method for estimating probability densities, is mathematically defined as (Equation (1)), [50]:


   f ^   z  =  1  n  h 2      ∑   i = 1  n  k     z −  Z i   h       



(1)




where    f ^   z    is the prediction for the real intensity function, n is the number of point observations, h is bandwidth, z is the vector of coordinates at which the density is calculated, Zi is the vector of coordinates that represent each point observation, and K indicates the kernel function that meets the following requirement (Equation (2)):


  ∫ K  z  d z = 1 .  



(2)







In this study, a normal kernel function is used and its bivariate form is given as Equation (3);


  K  x  =  1  2 π   exp   −  1 2   x T  x    



(3)







The smoothness of the resulting density function is strongly affected by the bandwidth. The KDE map was generated with a bandwidth of 250 m. This map of fire density was produced to show the likelihood of wildfires in terms of time and place in the study area, which shows the average density values for each area in the GNP landscape.



Wildfire exposure modeling was performed using the minimum travel time (MTT) fire growth algorithm [51] from FlamMap simulations [52]. The model requires geospatial input data on topographic features and fuels, weather data, fuel moisture content, and fuel characteristics. We assembled FlamMap MTT inputs using methods described in detail by Jahdi and Arabi [53]. Appendix B (Table A2) presents the ranges of fuel model parameters used for wildfire simulation in the main fuel types (grass, shrub, and timber fuels) in the study area. Probabilistic wildfire exposure components were modeled using fuel and terrain data (30 m resolution), historical wildfire data, and surface weather records. Most frequent fire weather conditions in terms of fuel moisture content and wind speed (6 m/s) and direction (west) during wildfire season (Appendix B, Table A2; Appendix C, Figure A2) were considered to model BP. The length of the burning time for simulation is set at 5 h based on the average fire duration of historical fires in the study area.



FlamMap MTT generates estimates of BP and measures of wildfire intensity, including CFL (m) and FS (ha). Values in the BP data layer indicate, for each pixel, the number of times that cell was burned by simulated fires [54]. These data are intended to derive a quantitative method to support wildfire risk analysis [55]. The area that burns is recorded for each wildfire and eventually compiled in a cumulative grid of area burned. The final product is a map where the BP of each cell i is calculated using the following equation:


  B  P i  =    b i   N  × 100  



(4)




where bi is the number of times cell i burned and N is the total number of simulations (generally ≥1000). BPi represents the percent annual likelihood of cell i being burned [54,56].



The flame length data layer produced from multiple fires burning each pixel was used to calculate the CFL (m), which is the probability-weighted flame length given a fire occurs [54]:


  CFL =  ∑  i = 1   20       B  P i    B P         FL  i     



(5)




where     FL  i    is the flame length midpoint of the ith category.



Text files containing the fire size (FS, ha) and ignition coordinates were used to calculate the potential fire size grid.




2.6. Logistic Regression Modeling


The influence of the environmental factors on wildfires was analyzed using the fire environment data of large fires (>10 ha) in the study area. Three explanatory variables (weather, fuel, and topography) important to BP, CFL (m), and FS (ha) were selected for the regression model in the study area. We collected a list of potential explanatory variables from the literature on fire regime and fire behavior. From this initial list, we distinguished variables that met two key criteria: (1) fundamental data were readily available to the Golestan Department of Environment in the Park, and (2) the variable was simple to derive and consistently accessible for the entire study area and study period. We extracted explanatory variables from spatial data layers describing environmental conditions including weather, fuel, and topography attributes (Table 2). For weather and fuel moisture data, we used the information of the day of the large fires that occurred in the study area in our dataset. Before establishing a logistic regression model, we conducted a multicollinearity test of the variables by SPSS 26.0 which showed the existence of a definite degree of correlation between the explanatory variables in a regression model. In this test, the variance inflation factor (VIF) was used for multiple linearity tests, and the tolerance factor was calculated as follows:


TOL = 1 − Ri2



(6)




where Ri are the decisive coefficients of the linear regression model. Multicollinearity between independent variables is significant if TOL < 0.1. VIF is the converse of TOL, a proportional coefficient for estimating the variance of regression coefficients [57]. The higher the value of VIF, the stronger the multicollinearity between the independent variables. Thus, 0 < VIF < 10 indicates no multicollinearity, 10 < VIF < 100 indicates strong multicollinearity, and VIF > 100 indicates severe multicollinearity between the independent variables.



GIS spatial analysis and logistic regression model (multiple linear regression) were used to identify the primary variables defining the park’s wildfire spread and environmental attributes. The influence of each factor was measured based on the resulting coefficient of determination, R2, from the Cox-Snell model, using SPSS. The model’s R2 has a theoretical maximum value of less than 1. Furthermore, the individual simple logistic regression model was used to evaluate the potential for each explanatory variable to support the wildfire spread. The model was first developed to assess the independent effect of each variable on wildfire size based on the observed wildfire perimeters in the study area.





3. Results and Discussion


3.1. Wildfire Regime


According to the wildfire database, the historical wildfire regime in the GNP was characterized by surface fires. Crown fires do not play a major role in the temperate forests of the park. Regarding the transition from surface fire to crown fire in the study area, the success of the crown fire initiation from surface fire decreases as the tree’s crown base height and fuel moisture content increase [58]. The primary cause of past and ongoing fire ignitions is human activity. Human-caused ignitions can be separated between those started by native people and tourists. According to Akhani [41], natural wildfire seems unlikely in the park. In addition, Faramarzi [18] et al. reported that the transit road across the park has been the most important factor among human factors including villages, hunters, shepherds, and camping in the anthropogenic fires. The values for both annual fire ignition and burned area, as well as monthly fire ignition and burned area, during the study period are presented in Appendix C, Figure A3. There is no significant trend in the annual fire ignition and burned areas for the study period. However, the study area experienced almost a twofold increase in both parameters, especially for the 2010–2020 period. This increase mainly resulted from a rise in fire activity during June and October. The lowest fire activity in terms of burned area and fire frequency was recorded in 2004, with a mean fire size of 8 ha and an annual burn rate of 0.1% of the burnable area, while 2013 was the most active year. The year 2010 showed the highest percentage of wildfires (10%), while 2001 and 2006 showed the lowest (3%). We can also see the seasonal pattern of fire ignition and burned area in the park in Figure A3. The park’s wildfire season is relatively long, extending from early June at the driest sites (e.g., southerly slopes) to early November. About 70% of very large wildfires in the park burned during June and October. Large wildfires may burn until fall rains arrive in November. Although the greatest fire ignition and burned area occur in early summer and early fall, the climate is uncertain enough to allow occasional fires during favorable periods in the late spring, especially in warm, dry areas. The more xeric, lowland forest zone of the park, including juniper woodlands and oak (Quercus castaneifolia C. A. Mey., and Quercus macranthera Fisch. & C. A. Mey. ex Hohen.) are the forests that are most likely to burn early in the fire season. The fire season lasts longer on the southern sides due to the shorter duration of snow cover when fuels are sufficiently dry for fires to ignite and spread.



Approximately 10,587 ha of the study area (12%) burned between 2000 and 2020, with much of that occurring in grassland (Table 3). As a percentage of the total area, 27% of shrubland and 12% of timber fuel, and 11% of grassland burned. The spatial distribution of selected fire regime features in the Park is shown in Figure 3. Furthermore, the ranges of the features for different fuel types in the study area are summarized in Table 3. The seasonality fire map shows that the majority of wildfires occurred during the summer and fall seasons (Figure 3a, Table 3). Fire ignition in summer is less than in fall, especially in southern regions of pronounced annual summer drought, the warming induced by regional climate change will likely increase the fire season duration [59] and the drying of fuels, thus increasing the fire risk. The first fire season starts in early summer and peaks in June and July when areas become increasingly hot, dry, and vulnerable to wildfires. These wildfires also indicate an increase in incendiary and suspicious fires, resulting from the shift to warmer weather with an increase in dry vegetation and outdoor activities. The second peak correlates with the fall months of October and November when weather patterns shift. Warm and dry winds from the Turkmen Sahra region and Semnan deserts and plains (in the north and south of the park) blow offshore across dry grasses, shrubs, and trees that have not seen significant rain since the spring. In comparison with the montane forest areas in the north and west parts, the fog influence of the moist Hyrcanian air masses in the east and south parts is limited, and the dry season, from mid-summer to early fall, is more pronounced [42]. It is worth noting that hotter summers are extending into the fall in the park, and this trend is very likely to continue and intensify as global warming increases. Although the fire regime consisted of the summer, fall, and a mixture of the two in the study area, wildfires in recent years have burned well outside of the typical fire season. According to Jahdi [60] et al. the three-month wildfire season in northern Iran has become longer and now lasts six months. Other factors contributing to longer wildfire seasons include extended drought, dieback of Persian oak trees (Quercus castaneifolia C. A. Mey.) from fungi causing charcoal diseases [61], and invasive fern species Pteridium aquilinum with scattered shrubs such as Prunus divaricata and Crataegus pentagyna [41], that allow the fire to ignite easily and spread rapidly.



Wildfire regimes have also been classified according to size (Figure 3b, Table 3). Fire sizes estimated from fire scars in the park ranged from 0.02 ha to 875 ha. A negative exponential pattern can be seen in the distribution of fire sizes (many small fires, few large ones), also noted in other countries by Archibald [3] et al. and Alcasena [63] et al. Generally, natural fires may become large since they often burn under conditions of rapid spread and high intensity [64]. Human actions tend to change the pattern toward smaller, lower-intensity fires [65]. However, as a protected area, no activities are carried out to manage wildfires and fuel in the study area. Small fires in the park presumably were generated from ignitions near the areas characterized by fragmented landscapes with a patchy mosaic of low-load fuels and non-burnable fuels [56]. These results are consistent with observations reported in nearby regions with similar climates and vegetation [53,59,66]. On the other hand, fire size distribution patterns revealed that large fires are more likely to occur in the forest–grassland ecotones, especially in the southern areas of the park. In fact, the forest–grassland ecotones are a primary corridor for fire growth in the park, which is in agreement with other studies conducted in grassland–forest ecotones [67,68], as well as with the site-specific fire history studies in the park [18,53,69]. Increasing the resilience of the ecotonal forests to wildfire will have implications for restoration efforts and would contribute to the entire landscape’s resilience.



Fire size was lowest for areas dominated by forests. Generally, the wildfire regime of grasslands and shrublands is characterized by large wildfires (10–100 ha). The percentage of large wildfires was lower in timber type (3%) than in shrublands (51%) and grasslands (78%). Among fuel types, the percentage of very large wildfires (>100 ha) was highest in shrublands at 24%. Compared to timber fuels, the quantity of available fuel in grasslands and shrublands is low; however, the fuel is very dry and almost all of which burns during a typical fire [70]. Grass can spread fire widely due to faster initial propagation or accessibility issues [71]. Without grass, especially at low elevations (<1500 m), areas in the park would have experienced fires of a small spatial extent. Furthermore, larger fires can affect shrublands due to the extensive continuity of the vegetation cover. Additionally, in Mediterranean environments, large fires tend to occur in landscapes with dense shrublands [72,73] and that is also the case here; shrub vegetation was the one with the greatest burned area. Shrublands are very sensitive to fires in the park. First, because of the dense ground vegetation of the shrublands, which becomes dry during the hot summer months, and second, due to the strong winds caused by the interaction of high-pressure air masses from the Hyrcanian area in the west and low-pressure air masses of Central Asia in the east [42]. Any small fire may easily spread and develop into an uncontrollable disaster. For example, during the fire on 29–31 August 1995, over 1000 hectares of Crataegus scrubs in the southeastern slopes of the Alu-Baq Mountain, Yelaq plain (37°19′ N, 55°58′ E, 1350 m) were affected [41]. Unlike shrublands, in the closed lowland forest, which is restricted to the lower altitudes along the Madrasu River and the northwestern border of the park, the lower temperatures, moister air, and less flammable vegetation lead to reduced fire occurrence and the proportion of burned areas. There is also a permanent mountain lake (Sulukli lake) located in the forested zone in the northwestern part of the park with an elevation of 1380 m, which according to Nielsen [74] et al. can act as a firebreak. Overall, these areas are highly dissected by the river, where the vegetation has a higher moisture content [75], with insufficient grass cover [76], or sufficiently high forest cover, seem to have intrinsically low landscape connectivity [3] and as a result having the potential to limit fires.



Each fuel type’s average hectares burned per year were used to calculate the current fire return interval (Figure 3c, Table 3). The intervals across the study area varied from 8 to 35 years, with an average interval of 22 years. Regarding total area, the predominant fire regime was relatively infrequent fires. Wildfires are currently frequent (<10 years) on 10% of the landscape and infrequent (>10 years) on 90% of the landscape (Table 3). Mean fire intervals increased with elevation, but fire frequency is often highest at middle elevations. Historically, 8% of the grasslands experienced frequent wildfires (fires every 0–10 years), and intervals less than 20 years were frequently (64%) observed in the areas. In the shrublands, intervals ranging from up to 10–20 years were considered, notably for high-elevation sites. Within the timber fuels, the mean fire return interval was 20 years. Results showed an average fire return interval of ~10 years in the major fuel types in the park. This also agrees with Atrak Chali [36], who reported an average fire return period of 5 to 7 years in the Golestan forests. Fire frequency was often highest at middle elevations in the park, a pattern in line with the conclusion of McKelvey and Busse [77] and Rollins [78] et al. Large areas of continuous fuels in the southern parts favor larger fires with shorter return intervals than the northern ones with smaller land patches. In dry conditions, shrublands facilitate fire growth and result from periodic fires [79]. Juniperus shrublands are generally considered threatened vegetation types in Iran. They grow slowly; fire damaged parts of the areas on the subalpine summits of Divar-Kaji (the highest peak of the GNP with 2411 m above sea level) during 1950–1953. The vegetation has not yet regenerated in the area after more than 45 years [41].



The burn rate and the changes in the total area of each fuel type are presented in Table 3. The study area had overall annual burn rates varying from 0.1% to 1.3%, with a mean annual burn rate of 0.4% during the study period (Figure 3d, Table 3). Only 23% of the landscape had high annual burn rates (i.e., rates > 1%). The greatest percentage annual burn rate is for grassland, where values range from 0.1% to 0.3% (60%). In shrublands, high fire activity is driven by large fires and high annual bun rates (>1% (35%)). Annual burn rate can be increased by a higher proportion of burned area, by fires burning the same area repeatedly, or both [64]. High annual burn rates in the southern part of the park were predominately due to a higher proportion of burned areas, especially in shrublands. Conversely, the woodland ecosystems are mostly limited to burning at these high rates. According to the study by Héon [80] et al. most forest areas are resilient to high annual burn rates because of the density of young trees.




3.2. Wildfire Exposure


Based on the kernel density interpolation, Figure 4 shows the average fire ignition density (FID) per hectare map for the GNP. The map shows the probability of fire occurrence, expressed in five categories: very high, high, medium, low, and very low. The FID map shows that fire occurrences are not evenly or randomly distributed throughout the park. In fact, the distribution of fire has not been uniform, and unburned and severely burned areas are clearly visible. Intense FID can be seen in the southern part of the park, especially in the lowlands with grassy cover, while in most areas of the park, there is a low FID. The results of this study showed that 62% of the region had very low, 16% had low, and 21% had medium FID, respectively. The study area shows small signs of high and very high FID (<2%) across all fuel types.



The results of simulated fire exposure profiles are shown in Figure 4 and Table 4. In general, the BP is low across the landscape and ranged from 0.00 to 0.02 (Figure 4b). Mean BP was highest in the grass and shrub fuels and notably lower in the timber fuel. BP calculations yielded a mean BP of 0.005 for the grasslands. The highest BP (0.01–0.02) was found in southern and eastern areas of the park with contiguous grassland/shrub cover at an altitude of 1500–2000 m and correspond to high ignition likelihoods. Regarding mixed broadleaves and conifers, more canopy cover has less BP. Large areas with zero BP were located in the west-central areas, and low BP (<0.002) was predicted for the western areas, covered by temperate broadleaf forests. The south part of the park has the highest BP (0.02) and is mainly composed of large parts of unmanaged shrublands and conifer fuels. The greatest concentration of high BP values occurred in the western and southern parts of GNP, characterized by historical large fires, consistent with the results of Faramarzi [18] et al. and Pourshakouri [69] et al. in the park. High BP areas are found in the fuel models of high-load grass and medium-load shrub. An efficient fire prevention measure based on fuel load reduction can be considered in the areas with the fuel models. In contrast, the lowest BP was found in mixed broadleaves and low-load conifers. Palaiologou [81] et al. highlighted that those areas covered by broadleaf forests have a low BP. The result is consistent with the findings of Alcasena [63] et al., which observed that the BP was lowest in the mature forests with low fuel load, timber litter, and closed canopy. However, BP values in Alcasena [82] et al. are one order of magnitude bigger than the simulated BP values in our study area. This might be related to a number of factors, including ignition patterns, spatial locations of fuels, topography, prevailing winds, etc.



As with BP, the spatial patterns in CFL reflected a wide range (0–7.2 m) (Figure 4c). Significant parts of the landscape (75%) had lower values of CFL (<1 m). Mean CFL ranged between 0.5 and 1.6 m (Table 4). Similar to BP spatial patterns, shrublands exhibited the higher average CFL (1.6 m) among fuel types, while the lower average CFL was observed with timber fuels (0.5 m). The average modeled CFL for grasslands was 0.7 m. The highest CFL (>2 m) values occur in the south and east parts of the park, with moderately high CFL values (1–2 m) also occurring in the center of the park. Elsewhere, CFL values tend to be low (<1 m). It is worth noting that the maximum CFL for timber fuels was 7.2 m, while shrublands and grasslands both had maximum CFL values of less than 5.6 m. Generally, our spatial analyses of wildfire exposure outputs across the landscape showed that fires favor shrub-dominated vegetation over other vegetation. Because the vegetation grows dense and generally continuous fuels across large areas given enough time after fire, fires in these dense fire-prone shrublands are typically able to originate large and intense fires [83]. Our results agree with other studies that addressed fire risk and exposure to land cover especially in Mediterranean areas [70,84,85], which found that fire preferred shrublands and grasslands, with forests showing an intermediate risk.



Focusing on the simulated FS (Figure 4d, Table 4), the fuel type that produced low FS (average FS < 200 ha) was timber fuels. FS in the study area ranges from 3.3 to 2240 ha. The simulated FS ranged from 15 ha to a maximum of 2480 ha in the shrublands, with a mean FS of 840 ha. The mean FS detected in the grasslands was 452 ha (2.5–2770 ha).



In general, forests in the park naturally colonize many zones and require low or no management, in contrast with grasslands and shrublands, which also with low fire hazards but require ongoing management efforts to reduce forest density and restore frequent surface fires.




3.3. Logistic Regression Model


First, the collinearity test results of the explanatory variables (Table A3) show that the VIF value of each fire risk factor (weather, fuel, and topography) is below 5, indicating no multicollinearity among the variables. Therefore, all the variables can participate in the establishment of the logistic regression model. Then, logistic regression analysis of multiple variables revealed the influence of weather, fuel, and topography on the observed wildfire perimeters for the period 2000–2020 in the park, with R2 values ranging from 0.11 to 0.37 (Figure 5a). Results from the model showed that climatic variables contribute the most in explaining fire activity, fuel variables come second, while topographic variables contribute the least, agreeing with the findings of related studies [20,86]. A fire prevention strategy should incorporate detail and full consideration of all the issues arising from weather, fuel, and topography. Only a few studies have suggested that fuel variables would be more important than weather within large areas burned [87,88]. However, in this study, topography had the least effect, being of particular importance in steep and rugged landscapes, especially where weather within fire seasons is not a critical driver [89,90].



Based on the analyses above, the logistic regression was implemented on the selected eight variables to determine further their relationship with the simulated wildfire exposure metrics (BP (Figure 5b), CFL (Figure 5c), and FS (Figure 5d)). The results are consistent with those obtained on the observed fire perimeters and reveal that the weather variables are the most critical in whether the fires can be ignited or not (R2 values range from 0.21 to 0.34), followed by the variables of fuel and topography. Nevertheless, weather effects on the simulated fires (R2 = 0.28) are less than the observed wildfires (R2 = 0.32), while similar significant correlations emerge concerning fuel (R2 = 0.25) and topography (R2 = 0.15) effects.



We also investigated the relative importance of individual variables within each factor (e.g., elevation vs. slope). In this work, the most influential variable explaining the large wildfires was wind speed, followed by temperature, relative humidity, NDVI, precipitation, fuel moisture, fuel load, elevation, and slope, respectively. Like Birch [86] et al. (2015) and Cruz and Alexander [91], strong winds appear to be the most important environmental factor influencing fire behavior. The most likely explanation is that wind is the single most influential climatic parameter affecting fire spread and, as a result, the burned area [92]. Considering the other weather-related variables we examined, the temperature was highly influential in the park, as found in several other studies that evaluated fire activity [89,93]. In this study, precipitation and relative humidity were moderately influential, while precipitation had relatively stronger influences on fire occurrence than temperature and humidity in the study of Liu and Wimberly [5]. Regarding the influence of specific fuel-related variables, fires were most strongly affected by NDVI, followed by fuel moisture and fuel load. This is consistent with previous studies and indicates that NDVI is among the primary drivers of fires [19,94]. Naderpour [95] et al. and Wu [96] et al. found that fire occurrences are significantly affected by fuel moisture and fuel load. Furthermore, Syphard [97] et al. found that fuel loading condition is one of the most critical factors influencing fire behavior. Concerning topographical variables, elevation had a significant and positive effect on wildfire occurrence, with the secondary influence of slope, and the result was largely consistent with Zhang [98] et al. and Milanović [20] et al.



Although this study proposed an integrated approach to generating fire regime and fire exposure maps, we could not combine the predictive models of spatial scale of wildfire driving factors which consider the effect of differences in the spatial scale of wildfire drivers in the analysis. Therefore, this aspect can be addressed for further research. Furthermore, this analysis is limited by the available data and analytical methods. For example, the fuel composition and structure of the burned vegetation were not precisely known, which can cause some uncertainty in the fire size analysis.





4. Conclusions


Our study documents the historical wildfire regime in a fire-prone landscape in Iran, which is instrumental in managing landscapes today. Historic wildfire regimes in the GNP were highly variable in terms of seasonality, fire size, frequency, and spatial pattern. The result shows that the forest–grassland ecotones are a primary corridor for fire growth in the park. Furthermore, spatial analyses showed that wildfires across the landscape favor shrublands and grasslands. The most fire-prone areas were shrublands, while broadleaved forests were significantly less fire-prone. We found that much of the forest had relatively low exposure but a higher potential for wildfires with moderate intensity. These findings have profound implications for our understanding of wildfire regimes and predictions about the further evolution of wildfire regimes to face the extensive climate and land-use changes. Management should aim to limit or constrain large summer and fall wildfires in grasslands and shrublands. In addition, specific traits of climate and landscape can be considered the most critical variables in wildfire ignition, spread, and behavior in the study area. Therefore, we analyzed and compared the influence of different environmental factors on fires and verified that weather is the main driver for wildfires in the landscape. The obtained results can be used to provide further valuable insights about the drivers of wildfire in the study area and to provide a reasonable look at future fire environment scenarios. In conclusion, the methodology has already been applied in a variety of locations at different scales. However, this study is one of the first works in Iran’s natural ecosystems, which requires more accurate data and analysis methods. Finally, an improved understanding of the landscape–wildfire interactions resulting from a complex interaction among topography, weather, land cover, and ignition sources contributes to highlighting areas of wildfire hazard potential and defining land and fire policies that mitigate wildfire hazards.
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Appendix A


Calculating Fuel Moisture Content


To determine the fuel moisture content, 1 h (<0.64 cm) fuel was selected based on Rothermel’s [99] method, taking into account topographical factors, average temperature, and humidity during the month with the highest fire occurrences. The air temperature and relative humidity were adjusted for elevation using a fixed lapse rate [100]. The solar radiation was adjusted for slope steepness and orientation and reduced based on the percentage of canopy cover and specified cloud cover for the given time period. After estimating 1 h moisture content, 1% and 2% were added to account for 10 h (0.64–2.54 cm) and 100 h (2.54–7.62 cm) fuel moisture content, respectively.



Next, the fuel moisture map was prepared using the FlamMap 6.2 version and the basic fire behavior algorithm. FlamMap incorporates a new model, developed by Nelson [101], for calculating the dead fuel moisture content of 10 h fuels. This model also includes modifications by Nelson to handle other fuel size classes (1 h, 100 h, and 1000 h). Nelson’s model replaces the ones developed by Rothermel [100] et al. for BEHAVE [102] and Deeming [103] et al. for the NFDRS [104], as used in versions 1, 2, and 3 of FARSITE [105]. Nelson’s model calculates the exchange of water between the environment and the surface of a round wooden stick and the transport of water within the stick itself. The stick is assumed to be without bark and located above ground. FlamMap obtains the 1 h fuel moisture content to improve computational efficiency using a calculation based on the equilibrium moisture content [104], rather than Nelson’s specific calculation for 1 h fuels.



During the progression of a FlamMap conditioning period, the moisture contents of the four fuel size classes are adjusted to reflect changing weather conditions over time at the local site. This adjustment is based on the dead fuel moistures provided in the Initial Fuel Moistures (.FMS) File for 1 h, 10 h, and 100 h time lag classes, serving as the starting conditions. The moistures are then modified according to changes in temperature, humidity, rainfall, and cloud cover obtained from the Weather Stream (.WXS) file, along with the local site conditions such as elevation, slope, aspect, and canopy cover obtained from the Landscape (.LCP) file.
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Figure A1. The 1 h fuel moisture content map obtained from Alhaj Khalaf [46] et al. 
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Table A1. Statistics of current wildfire regime for the study period (2000–2020).
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Variables






	
Range of annual fire ignition

	
9–33




	
Average annual fire ignition

	
16




	
Range of annual burned area (ha)

	
84–3124




	
Average annual burned area (ha)

	
504




	
Range of fire size (ha)

	
0.02–875




	
Average fire size (ha)

	
33




	
Average proportion burned per year

	
0.006




	
Proportion of fires < 1 ha

	
0.12




	
Proportion of area burned by fires < 1 ha

	
0.002




	
Proportion of fires 1–10 ha

	
0.37




	
Proportion of area burned by fires 1–10 ha

	
0.05




	
Proportion of fires 10–100 ha

	
0.47




	
Proportion of area burned by fires 10–100 ha

	
0.45




	
Proportion of fires > 100 ha

	
0.04




	
Proportion of area burned by fires > 100 ha

	
0.50




	
Proportion of fires by cause natural/human

	
0.07/0.93
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Table A2. Ranges of fuel model parameters used for wildfire simulation on the three fuel types (grass, shrub, and timber fuels) in the study area.
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	Fuel Mode Parameters
	Grass Fuel
	Shrub Fuel
	Timber Fuel





	Model type
	Dynamic
	Dynamic
	Dynamic



	1-h TL * FL ** (t ha−1)
	0.14–1.86
	0.63–2.91
	1.66–5.42



	10-h TL FL (t ha−1)
	-
	0.25–0.78
	0.97–3.30



	100-h TL FL (t ha−1)
	-
	-
	0.33–2.15



	Live herb FL (t ha−1)
	0.67–3.05
	0.15
	0.67–2.77



	Live woody FL (t ha−1)
	-
	0.15–1.30
	0.16–1.99



	1-h SAV *** (cm−1)
	52.37–78.13
	26.15–37.12
	21.46–51.14



	Herb SAV (cm−1)
	-
	-
	65.30–69.47



	Woody SAV (cm−1)
	-
	46.15–53.06
	41.2–88.32



	Fuelbed Depth (cm)
	16.71–20.15
	32.20–46.20
	12–53.10



	Dead fuel moisture of extinction (%)
	14–17
	14–21
	21–45







* TL: Time-Lag; ** FL: Fuel Load; *** Surface-area-to-volume.
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Table A3. Collinearity diagnosis.
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Fire Environment Variables

	
Collinearity Statistics




	
Allowance

	
VIF






	
Fuel

	

	




	
  Surface fuel load

	
0.31

	
2.72




	
  Fuel density

	
0.42

	
1.31




	
  Fuel moisture

	
0.33

	
2.14




	
Topography

	

	




	
  Digital elevation model (DEM)

	
0.33

	
3.42




	
  Slope steepness

	
0.71

	
1.54




	
Weather

	

	




	
  Temperature

	
0.25

	
4.16




	
  Relative humidity

	
0.29

	
3.96




	
  Wind speed

	
0.32

	
2.14




	
  Precipitation

	
0.23

	
4.02
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Figure A2. Windrose plot showing wind speed, direction, and frequency for the summer–fall wildfire season (2000–2020). 
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Figure A3. Annual fire ignitions and burned area (ha) (a) and monthly average fire ignitions and burned area (ha) (b) of the historical wildfires across the GNP between 2000 and 2020, obtained from the Golestan Department of Environment. 
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Figure 1. The location of the GNP in NE Iran (top-right insert), along with the digital elevation model (DEM), (a), and the historical wildfire ignitions (2000–2020), (b) in the park. 
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Figure 2. Land use/cover (LUC, (a)) and fuel models (b) maps of the study area. 
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Figure 3. Description of wildfire regime in the study area: (a) seasonality; (b) fire size; (c) fire frequency; (d) annual burn rate. Metrics were obtained by calculating the median of each wildfire regime parameter per year, using fire data for 2000–2020. 
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Figure 4. Output maps of fire ignition density (FID, (a)); burn probability (BP, (b)); conditional flame length (CFL (m), (c)); and fire size (FS (ha), (d)) for the study area. 
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Figure 5. The coefficient of determination (R2) from the logistic regression model for individual weather, fuel, and topography factors influencing the observed fire perimeters (>10 ha, (a)); simulated burn probability (BP, (b)); conditional flame length (CFL (m), (c)); and fire size (FS (ha), (d)). Significance is indicated by * for p ≤ 0.05, ** for p ≤ 0.01, and *** for p ≤ 0.001. 
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Table 1. Description of the study area.
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Variables






	
Study area extent (ha)

	
87,402




	
Burnable area (ha)

	
85,732




	
Elevation (m a.s.l.)

	
455–2344




	
Dominant tree species

	

	-

	
Quercus castaneifolia C. A. Mey.,




	-

	
Carpinus betulus L.,




	-

	
Carpinus orientalis Mill.,







	

	-

	
Acer cappadocicum Gled.,




	-

	
Tilia platyphyllos subsp.




	-

	
Mespilus germanica L.,










	
Dominant shrub species

	

	-

	
Juniperus excelsa M. Bieb.,




	-

	
Juniperus communis L.




	-

	
Juniperus sabina L.




	-

	
Prunus divaricate Ledeb.,







	

	-

	
Crataegus oxyacantha L.,




	-

	
Paliurus spina-christi Mill.,




	-

	
Colutea buhsei Boiss.,










	
Dominant grass species

	

	-

	
Festuca drymeia Mert. & Koch.,




	-

	
Artemisia sieberi Besser.,




	-

	
Astragalus jolderensis B. Fedtsch.,




	-

	
Poa bulbosa L.,




	-

	
Euphorbia amygdaloides L.,




	-

	
Primula heterochroma Stapf.,







	

	-

	
Thymus kotschyanus Boiss. & Hohen.,




	-

	
Stipa holosericea Trin.,




	-

	
Agropyron spp.




	-

	
Bromus persicus Boiss.,




	-

	
Hordeum bulbosum L.,




	-

	
Galium odoratum (L.) Scop.
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Table 2. List of environmental variables analyzed in the logistic regression model in the study area.
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	Fire Environment Variables
	Description/Data Structure





	Fuel
	



	  Surface fuel load
	Dry weight of the surface fuel layer per unit area (t ha−1)/Static



	  Fuel density
	Normalized difference vegetation index (NDVI *)/Static



	  Fuel moisture
	The average monthly fuel moisture content, obtained from Alhaj Khalaf [46] et al./Dynamic



	Topography
	



	  Digital elevation model (DEM)
	Elevation (m)/Static



	  Slope steepness
	Slope (°)/Static



	Weather
	



	  Temperature
	The average daily temperature (°C)/Dynamic



	  Relative humidity
	The average daily relative humidity (%)/Dynamic



	  Wind speed
	The average daily wind speed (m s−1)/Dynamic



	  Precipitation
	The average daily precipitation (mm)/Dynamic







* Landsat 8 OLI-derived NDVI.
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Table 3. The total area occupied by each fuel type, area burned by fuel type, percentage of the total burned area, and ranges of wildfire regime components (seasonality, size, frequency, and burn rate) in the three fuel types (grass, shrub, and timber fuels) in the study area, using fire data for 2000–2020.
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Variables

	
Grass Fuel

	
Shrub Fuel

	
Timber Fuel

	
Total






	
Area (ha)

	
42,470

	
7312

	
35,950

	
85,732




	
Total area burned (ha)

	
4727

	
1508

	
4532

	
10,587




	
Total area burned (%)

	
11

	
21

	
12

	
12




	
Wildfire regime components

	
Percentage of landscape

	




	
Seasonality

	

	




	
  Fall

	
49

	
36

	
51

	
45




	
  Summer

	
37

	
33

	
16

	
29




	
  Mixed

	
14

	
31

	
33

	
26




	
Fire size class [62].

	

	

	

	




	
  ≤1 ha

	
1

	
9

	
76

	
29




	
  1–10 ha

	
14

	
16

	
21

	
17




	
  10–100 ha

	
78

	
51

	
3

	
44




	
  >100 ha

	
7

	
24

	
0

	
10




	
Fire frequency (% year−1)

	

	

	

	




	
  1–10

	
8

	
10

	
10

	
9




	
  10–20

	
64

	
57

	
44

	
55




	
  20–30

	
17

	
11

	
34

	
21




	
  >30

	
11

	
22

	
12

	
15




	
Annual burn rate (%)

	

	

	

	




	
  0.1–0.3

	
60

	
30

	
45

	
45




	
  0.3–0.6

	
17

	
16

	
23

	
19




	
  0.6–1

	
12

	
19

	
8

	
13




	
  >1

	
11

	
35

	
24

	
23
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Table 4. Summary statistics of the predicted burn probability (BP), conditional flame length (CFL (m)), and fire size (FS (ha) in the three fuel types (grass, shrub, and timber fuels) in the study area.
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Variables

	
Grass Fuel

	
Shrub Fuel

	
Timber Fuel

	
Total






	
BP

	
Min

	
0

	
0

	
0

	
0




	
Max

	
0.020

	
0.017

	
0.009

	
0.020




	
Mean

	
0.005

	
0.004

	
0.001

	
0.003




	
SD

	
0.003

	
0.003

	
0.001

	
0.002




	
CFL (m)

	
Min

	
0

	
0

	
0

	
0




	
Max

	
4.11

	
5.60

	
7.20

	
7.20




	
Mean

	
0.74

	
1.60

	
0.53

	
0.48




	
SD

	
0.58

	
0.40

	
0.66

	
0.66




	
FS (ha)

	
Min

	
2.53

	
15.06

	
3.27

	
2.47




	
Max

	
2768.33

	
2479.46

	
2241.23

	
2770




	
Mean

	
451.59

	
838.94

	
181.37

	
232.00




	
SD

	
561.41

	
585.62

	
156.08

	
443.21
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