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Abstract. Due to high temperatures and dry summer in most subtropical regions, forest fires are of a regular 

occurrence. Fires emit CO2 and other greenhouse gases which retroact on the ecological systems. This study 

provides CO2 emission estimates from forest fires and risk zones in subtropical and temperate forests of 

Pakistan. CO2 emission was calculated using average dry matter g/m2, burned area, combustion factor (CF) 

and burning efficiency (Ef) following the guidelines of Inter-governmental Panel on climate change (IPCC). 

Fire risk zones were created by using GIS tools considering anthropogenic and natural geological factors. 

Results showed that average dry organic matter is 13837 ± 5774.64 gm-2, while average annual CO2 

emission is 7280 ± 5369 Gg with 56.6% average annual increase of CO2 emission. Meanwhile, highest 

emission of about 22799 Gg was recorded in 2009 corresponding to about 145.6 ha of burnt forests. 

Additionally, over 56% of the area or 9.33% (extreme risk zone) and 45.20% (high risk zone) is threatened 

by fire. Forest fire trends are mainly due to an increase anthropogenic activities and changes in weather 

conditions. Understanding forest fire threats and trends, will aid the government authorities in making 

appropriate conservation programs to curtail these forest fire threats and carbon dioxide emission trends. 

Keywords: burnt biomass, burning efficiency, Murree forest division, remote sensing, risk assessment 

Introduction 

Globally, human activities and forest fires continue to reduce forest cover. This 

forest cover change distorts the forest and surrounding ecosystem functions, 

biodiversity conservation and hence forest regeneration (Tanvir et al., 2006; Beckline 
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and Yujun, 2014). Forest fires occur at regular intervals and reduce plant growth and 

regeneration hence exacerbating soil erosion (Jaiswal et al., 2002; Mukete, 2018a). 

Forest fires are also deleterious to trees where trees become more susceptible to 

fungal and insect attacks thus affecting wood quality and volume (Abd El-Kawya et al., 

2011). Globally, tree cover loss was observed to have attained a record 2.97 million km2 

in 2016 (Weisse and Goldman, 2017), the loss is 51% higher than the previous year 

with forest fires being the primary cause of this spike. In the Brazilian Amazonian 

region tree cover loss was estimated at over 370,000 km2 nearly three times more than 

in 2015, this increase mainly occurred in the states of Pará and Maranhão, which were 

heavily affected by fire in late 2015 and early 2016 (Chanthalath, 2017) 

Forest fires are the greatest potential risk to stored terrestrial carbon and each year an 

estimated 2-3 PgC are released into the atmosphere corresponding to about 3-4 

million km2 of burnt forests (Giglio, 2006; Hansen et al., 2013; Weisse and Goldman, 

2017). Forest fires cause changes in the earth’s biological and physical characteristics 

which over the years, affect carbon exchange (Harden et al., 2000; Vilen and Fernandes, 

2011). According to Wekesa et al. (2016), about 82-97% of released carbon dioxide 

(CO2) constitutes total carbon stock. Therefore, emission of greenhouse gases such as 

CO2 and methane (CH4) from forest fires directly affects climate (Simpson et al., 2006; 

Hansen et al., 2013) 

Forest fire risk zones are areas from where a fire is likely to have started and spreads 

to other areas (Leblon, 2005). The availability of forest fire risk zone mapping aids in 

the precise evaluation of the fire (Jaiswal et al., 2002). This risk-mapping involves the 

multi-criteria evaluation method that includes factors such as slope, elevation, aspect, 

land-use, climatic conditions, proximity to roads and settlements (Bacani, 2016; Mukete 

et al., 2018b). One of the most common practices of risk zoning is the assigning of the 

subjective layer to all classes according to the sensitivity of fire and ignition capabilities 

(Dong et al., 2005). For instance, Ito and Penner (2004) used GIS-grid based system and 

multi-criteria to map peat swamp forests in Pekan District, south of Pahang, Malaysia to 

develop weighted fire index model for fire hazards. However different studies use 

different methods such as meteorological data and occurrence of forest fires for the 

establishment of forest fire models and risk zone assessment (Alonso-Betanzos et al., 

2003; Zhang et al., 2011). The other studies have developed forest fire models by 

maintaining environmental and physiographic factors that affect the wildfire (Mitchener 

and Parker, 2005; Thompson et al., 2017). Similarly, the combination of satellite remote 

sensing and modeling have opened up new opportunities for the quantitative assessment 

of pre and post- forest fires. 

In Pakistan, sub-tropical and temperate forests are located in the northern part of the 

country along the Himalayan foothills (Mannan et al., 2018a; Amir et al., 2018). This 

dry sub-tropical climate makes sub-tropical and temperate forests vulnerable to forest 

fires. This is particularly from altitudinal variations which influence the spreading of 

forest fires at different elevations (Ali, 2013; Saeed et al., 2019). In Pakistan, each year 

a considerable area of subtropical and moist temperate forests come under fire mainly 

due to natural causes, human and accidents. According to FAO (2015) and Hansen et al. 

(2013) more than 80% fires in these forests are due to anthropogenic activities. 

Although biotic and abiotic factors facilitate the assessment of heterogeneous 

distribution and occurrence of fire density, Pakistan lacks active fire management plans 

both at regional and national levels. These limits and diffuses the control and 

monitoring of the increasing trends in national carbon emissions (Krawchuk et al., 
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2009; Saeed et al., 2016, 2018; Mannan et al., 2018b; Adnan et al., 2018) which has 

therefore necessitated an urgent need for national fire management plans. This study 

strives to fill this knowledge gap by estimating carbon emissions in the subtropical and 

temperate forests of Pakistan. It focuses on carbon emission trends within the last two 

decades as well as the anthropogenic, topographic and climatic factors. Understanding 

forest fire threats and trends, will aid the competent government authorities in 

developing appropriate conservation policies such as to curtail these forest fire threats 

and carbon dioxide emission trends. 

Materials and methods 

Description of study area 

The subtropical and moist temperate forests are primarily located at the foot of the 

Himalayan mountain ranges (550-2600 altitude) between 33° 46’ 50.60” N to 33° 56’ 

01.48” N latitude and 73° 09’ 36.76” E to 73° 33’ 29.66” E longitude (Ashraf et al., 

2014), as shown in Figure 1. The area spreads across over 46898 ha and it is 

administratively controlled by Murree Forest Division (MFD) and includes three forest 

types. These are subtropical broad-leaved evergreen forests, subtropical Chir pine 

forests and moist temperate forests. Common plant species include Pinus roxburghii 

(Chir-pine), Pinus wallichiana (Blue pine), Abies spp, Cedrus deodara (Diar), Quercus 

incana (Oak), Aesculus indica (Chentnut), Dodonea spp (snatha), Olia spp (Indian 

olive) (Shahzad et al., 2015) 

 

 

Figure 1. Map of the study area, showing fire distribution, settlements centre points and roads 

 

 

The mean annual precipitation is 1800 mm, the mean annual max and min 

temperature are 24.3 °C and 11.4 °C, while the mean annual relative humidity is 

53.06%, mean annual wind velocity is 3.22 km/h and mean annual solar energy is 18.4 J 
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(PMD, 2015). Geologically the study area is composed of Cretaceous and Tertiary 

sedimentary strata having deep relief due to tectonic uplift during the tertiary period 

(Ashraf et al., 2014). 

 

Data acquisition 

The image of the study area was obtained from satellite (Sentinel-2), the cloud free 

image of 22nd October, 2017 was selected that is freely available on European space 

agency (ESA) website https://sentinel.esa.int/web/sentinel/home, topographic maps at 

scale of 1:25000 of the study area was obtained from survey of Pakistan 

(http://www.surveyofpakistan.gov.pk/). Digital elevation model (DEM) with the 30 m 

resolution was obtained from United States Geological Survey (USGS) 

https://earthexplorer.usgs.gov/. Forest type map, forest fire data (1998-2017) and Fire 

watch tower information were obtained from the office of the Murree forest division 

(MFD). Roadmap of Murree was obtained from National Highway Authority Islamabad 

(NHA) and Settlements map from the office of Pakistan Statistical Bureau (PSB) as 

shown in Table 1. The field data were collected by taking sample plots randomly 

distributed in the study area for biomass and CO2 emission calculations. 

 
Table 1. Dataset and sources 

Data Source Abbreviation Unit/resolution/Scale 

Sentinel-2 European Space Agency (ESA) Sent-2 10 m 

Digital elevation model Earth explorer (USGS) DEM 30 m 

Topographic map MFD (Punjab forest department) MFD 1:25000 

Elevation Derived from DEM Elev Meters (m) 

Aspect Derived from DEM Asp Classes 1-4 

Slope Derived from DEM Slope Classes 1-4 

Distance from roads Rod map from (NHA) DisRd Meters (m) 

Distance from 

settlements 
Settlements map from SBP DisSet Meters (m) 

Watch towers MFD MFD  

Mean Annual 

Precipitation 
PMD &NOAA mm Millimeters (mm) 

Mean Annual 

Temperature 
PMD &NOAA Temp Degree centigrade (°C) 

Land-uses From Satellite Image  Land-use 30 m 

 

 

Biomass and CO2 emission estimation 

A total of 150 plots of size 20 m × 30 m were randomly sampled as shown in 

Figure 2 and the stem volume (m3/ha) measured for all the trees found within. In each 

sample plot, the diameter of all trees greater than 4 cm was measured at breast height 

(DBH). Using the Abney level, the height of 20 trees per species was recorded which 

were used to construct DBH/height function of a specific plot. 

We first arranged the trees present in the sample plot into different classes based on 

their diameter (Dia classes), density of each diameter class i.e. no of trees per hectare 

were calculated and the basal area (B.A) of each diameter class was by using 

Equation 1. 
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  (Eq.1) 

 

Stem volume was measured using Equation 2 as described by Newbery (2009). 

 

  (Eq.2) 

 

where B.A is the basal area, h is height and form factor f.f is the volume of cylinder to 

actual tree form (Tenzin et al., 2017). In the Indian sub-continent, f.f is usually 0.37 for 

conifers and 0.6 for broad leaves is commonly used (Haripriya, 2002). Biomass t/ha was 

calculated by multiplying stem volume with the wood density (W.D) t/m3 of particular 

species using IPCC proposed guidelines (IPCC, 2006b). The wood density values were 

also confirmed by previous research and reports (Sheikh, 1993; Eq. 3). 

 

  (Eq.3) 

 

Total Biomass t/ha (above ground biomass, understory vegetation biomass, litters 

and dead wood) was measured by using Biomass expansion factor (BEF) for subtropical 

and temperate forests of Pakistan as described by Haripriya (2002) and IPCC (2006a) 

(Eq. 4). 

 

  (Eq.4) 

 

Biomass carbon values of understory vegetation (USV) were measured by 

establishing sub-plot of 4 m × 4 m in each sample plot; the USV vegetation includes 

herbs, weeds, and grasses etc. The vegetation in each sub-plot was harvested by using 

sickle. The average fresh weight of the harvested material in kg/m2 was recorded and all 

harvested vegetation was put into brown paper labeled bags. Then the paper bags were 

dried in gravity convection oven, model no (SG03) at 72 °C for 48 h and their dried 

weights in kg/m2 were measured for Biomass Carbon Calculation. Similarly, we 

collected litter; dead wood and cones present in the sub-plot and measure the average 

weight kg/m2. Tree biomass, USV biomass, litters and deadwood were added and the 

total biomass t/ha was calculated (Brown et al., 1982; Saugier et al., 2001; Malhi et al., 

2004; Vilen and Fernandes, 2011), as shown in Equation 5. 

 

  (Eq.5) 

 

B is the average organic matter in particular ecosystem per unit area (g dm/m2), after the 

dry organic matter was calculated, we used (Seiler and Crutzen, 1980; Vilen and 

Fernandes, 2011) formula for the calculation of total burned biomass (BBM) as shown 

in Equation 6. 

 

  (Eq.6) 
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BBM is the burned dry biomass (g dry matter per unit time) in particular ecosystem 

burned. Where A is the annually burnt area m2/year, B is Average organic matter per 

unit area g/m2 and CF is the Combustion factor or biomass burning efficiency. 

Combustion factor is the exposed biomass that is actually consumed during combustion 

(Ito and Penner, 2004). Only a portion of the biomass is burnt but most biomass remains 

in the form of standing trees, charcoal or dead organic matter. This handicap was 

resolved by using 0.74 combustion factor for subtropical/tropical grasslands and 0.45 

for temperate forests according to guidelines of IPCC (2006a; Eq. 7). 

 

  (Eq.7) 

 

The total burnt biomass BBM was then converted into emitted CO2 by using the 

equation, where the CO2 emission factor (Efc) that described the weight of CO2 emitted 

per weight of dry burnt biomass. The amount of released compound by the amount of 

dry fuel consumed g/kg of dry fuel consumed is the emission factor (Andreae and 

Merlet, 2001; Saranya et al., 2016). According to IPCC (2006a) the emission factor Efc 

1531 g/kg for sub-tropical and temperate region is used to calculate the average annual 

carbon emission for the last two decades (1998-2017). 

 

 

Figure 2. Sample plots distribution 

 

 

Forest fire risk zoning and fire risk index 

Forest fire risk zone map was generated by using vegetation type (broad-leaved 

forest, chirpine forest, and moist temperate forest), land-use (dense forest (DF), open 

forest (OF), bare land (BL), settlements (SM), agricultural land (AL), topography 

(slope, aspect, elevation), human factors (distance from roads, distance from 

settlements) and watch tower visibility in MFD. The topographic sheet of the study area 
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and forest distribution map at the scale of 1:25000 of the study area was obtained from 

the office of the MFD. The topographic map and forest distribution map were scanned 

and exported into the processing software ArcGIS 10.2 and ENVI 5.1. The Shapefile 

was clipped by using the topographic sheet as a reference. Sentinel-2 image having 

10 m resolution was downloaded for European space agency (ESA). First, the image 

pre-processing was performed in ENVI 5.1 and the geometric distortion of the image 

was removed from the topographic sheet as well as from the GPS by selecting 20 

Ground Control Points (GCPs) around the study area. Image pre-processing is necessary 

before the classification or distribution for establishing a relationship between acquired 

data and biophysical processes (Abd El-Kawy et al., 2011; Iwan et al., 2004; Mannan et 

al., 2018). The geometrically corrected image was then used to clip the region of 

interest (ROI). After that, the image was classified into five different classes such as 

dense forest (DF), open forest (OF), agricultural land (AL), settlements (SM), and 

barren land (BL), Road (RD) with corresponding classes by assigning per-pixel 

signatures. On the bases of different digital number (DN) value of landscapes different 

colours assigned to differentiate them. After that Radiometric, the atmospheric and 

topographic correction was performed by using ArcGIS 10.2 and ENVI 5.1. 

Training samples for each predetermined class were selected by delimiting polygons 

and spectral signatures for each land cover type derived from satellite imagery were 

recorded using pixels inside polygons. Supervised classification was performed by 

using a maximum likelihood algorithm. Accuracy of the land-use change was assessed 

by using confusion matrix in ENVI 5.1. We took 50 ground truth points in each land-

use, for accuracy assessment. The kappa statistics was calculated by using Equation 8. 

 

  (Eq.8) 

 

To improve the quality of classification and to classify the un-classed pixels, post 

classification smoothing was performed. Post classification smoothing is used to 

improve the classification quality, un-classified pixel (Harris and Ventura, 1995). The 

Land cover classification as shown in Figure 6a, gives meaningful information about 

the class value and also links the spectral characteristics of the image, that can be 

displayed as a map for researchers and scientists to evaluate the land-use classes (Weber 

and Dunno, 2001). 

Spatial distribution and statistics of forest type were calculated from forest 

distribution map (Fig. 7a). The forest distribution map was first scanned imported to 

processing software ArcGIS 10.2. Geometric correction of the map was performed from 

the topographic sheet by selecting 50 Ground Control Points (GCP’s) around the study 

area, DEM (30 m) was used to calculate the slope, elevation and aspect, as shown in 

Figure 8a, b, c. Reclassification tool was used for making their risk zone classes. 

Roadmap and settlements map of MFD was obtained from NHA and PBS, which was 

used to construct fire risk distance corridors. Euclidian distance tool in ArcGIS 10.2 was 

used for making 100 m, 200 m, 300 m and 400 m corridors of roads and settlement 

center points of the study area (see Fig. 7b). 

For Fire rating index (FRI) determining first of all the risk ratings were assigned to 

the variable factors responsible for forest fire according to their fire causing potential, 

which was determined by referring previous research and historical record, as shown in 

Table 2. The higher rating shows that variable has a high influence on fire risk. 

Secondly, each variable is classified into classes i.e. (extreme, high, moderate, low and 
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no risk) and finally all the layers were integrated through GIS and by using Equation 9 

FRI is calculated. 

 

 FRI =  (Eq.9) 

 

In FRI, lu is the land-use having (6 classes), sl is slope factor (4 classes), asp is aspect 

(9 classes), ele is elevation (4 classes), set is distance from settlements (4 classes) and rd 

is the distance from roads (4 classes). The superscripts (I,j,k,l,m,n,o) are the sub-classes. 

Finally, weighted overlay tool was used for overlay analysis and all the layers were 

combined to form final fire risk zone map of the study area shown in Figures 3 and 10. 

 
Table 2. Fire hazard factors 

Factors Classes Assigned value Risk factor 

Land-use (10) 

Dense forest 5 Extreme 

Open forest 4 High 

Barren land  1 No risk  

Agricultural land 3 Moderate 

Roads 1 No risk 

Water 1 No risk 

Settlements 1 No risk 

Forest type (10) 

Sub-tropical broad leave evergreen forest 4 High 

Subtropical Chir pine (Pinus roxburghii) forest 5 Extreme 

Moist temperate forest 3 Moderate 

Elevation (2) 

500-1000 m 5 Extreme 

1000-1500 m 4 High 

1500-2000 m 3 Moderate 

2000-2500 m 2 Low 

Slope (5) 

0-10° 2 Low 

11-20° 3 Moderate 

21-40° 4 High 

<41° 5 Extreme 

Aspect (3) 

 

N (0-22.5) 2 Low 

NE (22.5-67.5) 3 Moderate 

E (67.5-112.5) 3 Moderate 

SE (112.5-157.5) 4 High 

S (157.5-202.5) 5 Extreme 

SW (202.5-247.5) 5 Extreme 

W (247.5-292.5) 3 Moderate 

NW (292.5-337.5) 3 Moderate 

N (337.5-360) 2 Low 

Distance from 

settlements (2) 

0-100 m  5 Extreme 

100-200 m 4 High 

300-400 m 3 Moderate 

400-500 m or > 2 Low 

Distance from 

roads (2) 

0-100 m 5 Extreme 

100-200 m 4 High 

200-300 m 3 Moderate 

300-400 m or > 2 Low 
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Visibility analysis 

Fire watch towers are very important for early detection of forest fires. There are two 

fire watch towers in the study area which include the 17 m high and 12 km maximum 

range of visualization Ban fire tower and the 20 m high and 15 km of maximum 

visualization range Charihan fire tower. The visibility analysis of the study area was 

carried out with the view-shed tool in ArcGIS 10.2 by using DEM and fire towers 

geographical location (Fig. 9 and Table 3) 

 

 

Figure 3. Flow Chart 

 

 
Table 3. Visibility analysis of the study area 

Towers 
Visible area Invisible area 

Area (ha) Percent (%) Area (ha) Percent (%) 

Ban tower 2192.203 4.67 44706.59 95.32 

Charihan tower 6637.86 14.15 40260.92 85.84 

Total visible area 8302.636 17.70 38596.15 82.29 

Common visible area 999.3 2.13   
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Results and discussions 

We performed field survey by random forest sampling in the study area. The study 

area includes Conifers and Broad-leaved trees. Conifers like Pinus roxburghii, Pinus 

wallichiana, Abies pindrow, Picea smithiana have more tree volume due to their tall 

height as compared to broad leaved trees like Olea spp, Quercus incana, Aesculus 

indica (Mannan et al., 2018a). The results showed that the average density in the study 

area is 556.68 (±128.19 std. dev.) trees per ha, while average BA is 40.27 (±10.124 std. 

dev.) m2/ha, the average volume is 349.26 (±111.06 std. dev.) m3/ha and mean DBH is 

35.42 (±15.54 std. dev.) cm. 

 

Forest fires and CO2 emission trend 

We have obtained forest fire data for the last two decades that include fire origin 

location, size, date of occurrence, forest type and ignition cause form MFD. The 

historical record shows that accidental fires are 72.2% of the total fires, while 25% are 

deliberate and 2.6% are lightning-caused fires. Accidental fires mostly occur due to 

cigarette disposal in or around forests, careless fire handling during forest picnics, 

vehicle transportation, and the burning of farm residues along forests. 

The increasing trend of forest fire has been observed in the study area, the average 

annual fire in the first decade (1998-2007) was 276 ha while it reached to 651 ha in the 

second decade (2008-2017), with the total 928.79 ha burned as shown in Figure 5. 

The average dry organic matter in the forests was found to be 13837 (±5774.64 

std.dev.) g/m2. The total estimated CO2 emission in last 2 decades as obtained from the 

study is 145.60 (±5369.68 std. dev.) Tg CO2, with estimated average annual CO2 being 

7280 (±5369 std. dev.) Gg CO2. However, the largest fire events were observed in 2009 

with 22799 Gg CO2 emission. This was due to the fact that 2009 was recorded as driest 

summer year after 1980 (PMD, 2015). During the last two decades 788 (±175 std. dev.) 

Gg CO2 was emitted in the month of June followed by 25.40 (±1.5 std. dev.) Gg CO2 in 

May. The statistical analysis showed that average area burned in the first decade (1998-

2007) was 27.69 ± 7.37a (ha) which is significantly less than the second decade (2008-

2017) which was 66.927 ± 7.37b (ha), whereas the month of June found most critical for 

forest fire occurrence, with average forest fire of 23.13 ± 3.12a (ha) significantly higher 

than 12.40 ± 3.12b (ha) in May, while the occurrence of forest fire in the other months 

of the year was very less and showed non-significant relation with each other. 

The historic fire record also showed that average net annual increase of CO2 

emission is 56%. According to Yi and Bao (2016) increasing temperatures and CO2 

concentration cause an increase in fuel availability. This increases the photosynthetic 

process which results into more plant growth and water use efficiency thus inducing 

more fires and CO2 emission. Figures 4 and 5 show that the rate of CO2 emission 

increases steadily with increasing linear trend. Therefore, increases in temperatures 

exacerbate evapotranspiration which speeds-up the hydrological cycle (Finney et al., 

2005). This ultimately causes more rainfall, vegetation growth, large fires and CO2 

emission. For instance, new settlements in Murree have been reported in the last decade, 

encroachment of forest area by land grabbers is a big issue, 1158 ha of forest land have 

encroached (Ashraf et al., 2014). 

About 80% of fires occurred in areas accessible to humans, having road density and 

proximity to settlements, thus the patterns and occurrences of forest fires are related to 

human disturbances. Most of the fire events occurred in May and June burning over 
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653.2 ha, as shown in Figure 5. This may be attributed to the fact that, pine trees 

particularly Pinus roxburghii shed dry needles in the summer season and also because 

May and June constitute the hottest months. Additionally, this may be related to the fact 

that a ban on green felling was imposed in 1992. This put a halt to management 

activities such as thinning, pruning, line clearing and prescribed burning which in 

combination with burning are the most effective methods of fire prevention (Finney et 

al., 2005; Kuenzi et al., 2008) 

 

 

Figure 4. CO2 emission trend 

 

 

 

Figure 5. Forest fire trend 

 

 

Fire risk zones and fire risk index 

The Land-use map showed that 21.9% of the area includes DF which is in extreme 

risk zone, while 31.4% OF is in high-risk zone. Also, areas under low risks of fires AL 

are 6.6% and 39.9% which include water, roads, and barren lands (Table 4 and Fig. 6b). 

In the DF for instance, due to higher vegetation density, fuel is more available 

compared to the OF or BL. Thus, fire occurrence is more plausible and this is 

corroborated by another study by Martin et al. (2016) their study observed that forest 

fires are 70% more like to occur in dense vegetation as compared to sparse vegetation. 

The accuracy of land use map was assessed by formula as shown in Equation 8, and 

kappa statistics was 0.85. 
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Figure 6. Land-use map (a) and land-use risk zones (b) 

 

 

Similarly, from the forest distribution map, three forest types including broad-leaved 

evergreen forests, chirpine forests, and moist temperate forests were observed. Here, 

each forest type has its susceptibility level towards forest fires, and based on historical 

records obtained from the study area, Chirpine forests are most susceptible to forest 

fires mainly due to falling of dry needles in summer. Hence, their categorizations as 

extreme high-risk zones while the broad-leaved forests are categorized as high-risk 

zones and moist temperate forests as moderate risk zones. In a related study, Kumar et 

al., 2015 categorized Chirpine forests (Pinus roxburghii) as the major contributor to 

forest fires in Kangra region of Indian western Himalaya. Furthermore, the forest type 

map showed that more than half 51.14% of the area in the extreme risk zone, while 

36.7% in a high-risk category and 12% in the moderate risk category (Fig. 7a). 

 

 

Figure 7. Risk zones of forest type (a), settlement center (b), roads (c) 
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However, in sub-tropical broad-leaved evergreen forest which is present at lower 

altitudes of Himalayan Mountains, fire ignition chances are slightly lower due to the 

association of many plant species. According to Ye et al. (2017), various broadleaf 

species are fire resistant especially in the eastern parts of China. At higher elevations of 

Himalayan mountains, the chances of fire occurrence are lower, due to climatic 

conditions, studies also showed that 85% of fire occurred at the elevation lower 

than1000 m, hardly any fire was recorded above 4000 m (Martin et al., 2016), 

Topography which includes slope and elevation is also important role in the ignition 

and expansion of forest fires. Topography is an important factor in forest fire ignition 

and it was given much importance in studying forest fire causes in western United 

States (Liu et al., 2015). In slope aspect the southern (S) and south-west (SW) slopes are 

dry in nature due to the sun’s direct impact thus leading to higher weights (Brosofske et 

al., 2007). Due to less moisture, high temperatures, robust winds and low fuel moisture, 

chances of fire ignitions are higher in southern aspects (Finney et al., 2005). Similarly, 

there are less chances of fire occurrence on north (N), north east (NE), west (W), and 

North West (NW) slope as sunrays not fall directly upon them. From the aspect risk 

map, 22.04% of the area faces the south and is thus located in extreme fire risk zones 

(S) and south-west (SW) slope. Meanwhile, 17.02% is located in the high-risk zone 

facing south-east (SE) slope and 50.66% is located in the moderate risk zone facing 

north-west, west, north east (NE) and east (E) as shown in Figure 8c and Table 4. Fire 

spreads quickly along steep slopes than gentle slopes because the flame angle is closer 

to the surface and where wind effects supply thermal energy through convection (Zhong 

et al., 2003). Similarly, steep slopes are more venerable for fire spreading slope map 

showed 0.26%, 12.51%, 59.43% and 27.78% in extreme, high, moderate and low risk 

zones respectively (Fig. 8a and Table 4). 

 

 

Figure 8. Risk zones of slope (a), elevation (b), aspect (c) 
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Table 4. Fire risk area in each variable zone 

 Extreme High Moderate Low No risk 

ha % ha % ha % ha % ha % 

Land-use 10285.73 21.9 14737.65 31.4 0 0 3123.31 6.6 18742.96 39.9 

Forest type 23987.15 51.14 17246.80 36.7 5664.83 12 0 0 0 0 

Aspect 10339.83 22.04 7982.24 17.02 23759.13 50.66 4817.587 10.27 0 0 

Slope 122.96 0.26 5871.3 12.51 27875.08 59.43 13029.41 27.78 0 0 

Elevation 13520.57 28.82 18621.54 39.7 12941.61 27.6 1814.96 3.86 0 0 

Roads 9947.98 21.21 7471.46 15.93 5945.14 12.68 23520.23 50.16 0 0 

Settlement 122.99 0.26 5871.3 12.51 13029.41 27.78 27875.08 59.43 0 0 

FRZM 4376.93 9.33 21202.32 45.20 2443.60 5.21 18670.43 39.81 0 0 

 

 

Human factors such as roads and settlements initiate forest with significant effects on 

forest ecosystem, land and water quality. The roads and settlement corridor map 0-

100 m is rated as extreme risk zone, similarly 100-200 m, 300-400 m, and 400-500 m 

rated as high, moderate and low fire risk zones. However, 21.21% of the area of roads is 

located in the extreme risk zone, 15.93% in high risk and 12.68% in moderate risk zone 

(see Fig. 7c). Similarly, settlements map showed 0.26% to be located in the extreme 

risk zone, 12.51% in the high-risk zone and 27.78% in the moderate as shown in 

Figure 7b. Studies have also showed that the forest fires caused by human are often 

located in the proximity of roads and settlement corridors (Brosofske et al., 2007; 

Maingi and Henry, 2007; Syphard et al., 2007). Road edges are also served as the 

habitat for some exotic plant species (Parendes and Jones, 2000). These species provide 

more combustible material fuel wood that are more easily ignited (Arienti et al., 2009). 

While it was also reported by Abdi et al. (2012) optimum roads network can decrease 

the chances of fire occurrence. 

The visibility analysis showed that 4.67% of the study area is visible from the Ban 

fire tower, while 14.15% is visible from the Charihan fire tower. The combined 

visibility of the two towers is 17.70% and the total invisible area is 82.29%. The 

visibility of Charihan fire tower is 14.15% and Ban fire tower is 4.67% of the study area 

(see Table 3 and Fig. 9). The earlier detection of forest fire can minimize the forest 

damage up to 70%, however watch towers plays an important role for emergency 

response. 

The Final Risk Zone Map (FRZM) (Fig. 10) was prepared by overlaying all the 

layers together according to the assigned weights in weighted overlay tool. FRZM 

showed 8.46% to be located in the extreme risk zone while the highest 46.30% area is in 

the high risk of the fire zone and the moderate risk zone has 5.22% and 40.02% in low 

risk zone, as shown in Table 5. 

 
Table 5. Extent of fire risk zones 

S No Risk class Area (ha) Percent area (%) 

1 Extreme 3998.513 8.46% 

2 High 22059.487 46.30% 

3 Moderate 2489 5.22% 

4 Low 19053 40.02% 



Mannan et al.: CO2 emission trends and risk zone mapping of forest fires in subtropical and moist temperate forests of Pakistan 

- 2997 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(2):2983-3002. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1702_29833002 

 2019, ALÖKI Kft., Budapest, Hungary 

 

Figure 9. Visibility analysis map of fire watch towers 

 

 

 

Figure 10. Land use fire risk zones 

 

 

The FRZM shows fire vulnerability to be in more than half of the area is directly 

under the risk of fire. Finally, our FRZM was compared with actual fire-starting points, 

the majority of fire-starting points are in extreme and high fire risk zones. 

Conclusion 

The importance of forest fire risk zone assessment is well known but less attention 

has been paid towards the forest fire, CO2 emission trend in subtropical and moist 

temperate forests of Pakistan. 
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In this study, we have calculated the CO2 emission tend and forest fire risk zones. 

We found the CO2 emission in the last three decades has been increased at accelerated 

rates. This increasing trend of CO2 is directly linked with forest fire, and our study 

found that increase in forest fire due to more settlements, roads construction and human 

disturbance in the forest. Lightening caused forest fires are 2.6%, on other hand 

accidental fires 85% of the total fires. Although roads and settlements act as barriers to 

forest fires but 80% fires initiated from the corridors of roads and settlements. 

This study integrates the historic fire record, ground sampling, remote sensing and 

GIS tools for fire risk zone assessment. The forest fire risk zone analysis showed that 

more than half of our study area is under extreme and high fire threat. This study 

provides risk assessment, factors and trends of forest fire, but further study on risk zone 

mapping of forest fire under predicted climate change is required, similarly forest fire 

trends and its effect on local climate is requited, as well as the role of emergency 

response team and watch towers in fire management is required. This risk zone analysis 

will provide a broad picture to management authorities for combating this increasing 

fire trend and also suggest the future management. 
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