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Regional carbon emissions related to forest cover change (FCC) and wood harvest (WH)
are critical for the accurate estimates of global carbon balance over an extended time
period. Using remote sensing and inventory data, this study provides a comprehensive
record of FCC, WH, and their integrated carbon emissions between 1908 and 2015 in the
dry temperate regions of Pakistan. Results demonstrate a significant decline in forest area
(21,034 ha) at an annual rate of 0.56% from 1973 to 2015. The total WH was 24.84 million
m? (0.23 million m® yr~") between 1908 and 2015. Deforestation was responsible for a net
loss of 1.39 million Mg C (0.018 milion Mg C yr™"), while WH-related carbon emissions
accounted for 11.29 million Mg C (0.52 million Mg C yr"). The present results indicate that
under the existing FCC and WH harvest scenario, the forests are acting as a net source of
0.29 milion MgC yr . Agriculture expansion and the heavy dependency of local
communities on the forest’s resources, exclusion of conservation and local
communities from forest management, insufficient monitoring, and weak law-
enforcement were the striking drivers of FCC, WH, and their related emissions. These
findings suggest that to maintain forest carbon and meet the communities’ requirements,
counter approaches such as agriculture incentives, agroforestry, trophy hunting,
alternative energy sources, and inclusion of conservation and secure community-based
management are needed.

Keywords: deforestation, management regimes, historic emissions, counter appraoches, Pakistan

Frontiers in Environmental Science | www.frontiersin.org 1

April 2022 | Volume 10 | Article 876225


http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.876225&domain=pdf&date_stamp=2022-04-25
https://www.frontiersin.org/articles/10.3389/fenvs.2022.876225/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.876225/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.876225/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.876225/full
http://creativecommons.org/licenses/by/4.0/
mailto:ghulamnabiqau@gmail.com
mailto:wanghekunyuan@189.cn
https://doi.org/10.3389/fenvs.2022.876225
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.876225

Ahmad et al.

1 INTRODUCTION

Terrestrial ecosystems act as a major carbon sink and play an
important role in mitigating anthropogenic carbon emissions
(Pacala et al., 2001; Pan et al., 2011; Kumar et al., 2021). Different
terrestrial ecosystems have different levels of carbon storage
capacity, and the conversion of land-use type from high-
vegetation biomass (forest land) to a low vegetation biomass
(agriculture land) results in carbon emissions into the atmosphere
(Lai et al, 2016). Forests are one of the largest carbon sinks
among terrestrial ecosystems and are extremely important in the
global carbon cycle (Houghton, 2003; Houghton and Hackler,
2006). In addition, forest plays a crucial role in offsetting carbon
emissions; however, the decrease in forest cover has
compromised this potential to a large extent (Ahmad et al., 2018).
Globally, land use/land-cover changes (LULCC) in general and
forest cover changes (FCC) in particular are closely linked to the
extent and distribution of carbon emissions (Houghton, 2010;
Schimel et al., 2001). Forests around the globe have been largely
influenced by human uses, which is principally due to agriculture,
and settlement expansion, and timber and fuel wood harvest
(Arneth et al, 2017; Erb et al, 2017). It is estimated that
annually LULCC added a total of 1.2 Pg of carbon (Pg C) to
the atmosphere, which is 33% of the total global carbon emissions,
which, though smaller than those from fossil fuels, but represents a
persistent and cumulative source of emissions (Joshua et al., 2017;
Le Quere et al., 2009; Lai et al., 2016). Similarly, between 1700 and
2000, wood harvest-related carbon emissions have been estimated
to be about 86 Pg C (Hurtt et al., 2006; Arneth et al., 2017).
The historic annual flux of carbon from FCC and wood
harvest (WH) is critical in the global carbon budget because it
provides insights into the potential for land management to store
and sink carbon (Houghton 2005; Houghton and Nassikas, 2017).
Currently, net flux is about 10% of the total anthropogenic carbon
(Van der Werf et al., 2009; Le Quere et al., 2009). This flux was
relatively larger in the past. The history of emissions at global and
regional levels provides baselines information about the response
of the global carbon cycle to climatic changes (Houghton and
Nassikas, 2017). Regarding carbon emissions estimates for the
Inter-Governmental Panel on Climate Change (IPCC) and
Global Carbon Project, the analysis by Houghton and many
other long term reports are also available (Hurtt et al., 2006;
Hurtt et al., 2011; Houghton et al., 2012; Ciais et al., 2014; Fuchs
et al., 2015; Houghton and Nassikas, 2017). However, studies
suggest that carbon emissions have been underestimated because
most processes related to FCC and WH are not appropriately
addressed (Arneth et al., 2017). Similarly, the global and regional
estimates over an extended period of time consider individual
country data submitted to IPCC and United Nations Framework
Convention on Climate Change (UNFCCC). However, large
uncertainties exist in estimating carbon emissions related to
FCC and WH, particularly in developing countries like
Pakistan, where historical carbon emissions associated with
FCC and WH are relatively unknown. Therefore, regional-wise
estimates are required for an accurate estimates of global carbon
fluxes over an extended time period. This study is an attempts to
construct carbon emissions history related to FCC and WH in
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Pakistan. Furthermore, this study also underlines the major
drivers of FCC, WH, and related carbon emissions. The
findings of the study would be useful in estimating the
accurate carbon balance at the regional and global levels and
will be a baseline for future research.

2 MATERIALS AND METHODS
2.1 Study Area

The study was conducted in the dry temperate forests of Chitral,
Pakistan. The area lies in the heart of the Hindukush Himalaya
Mountains between 35°15” to 36°55” 35°15’ N and 71°12’ to 73°55’
E (Zeb, 2019). The total geographical area of Chitral is
14,850 km®. Topographically, the area is a hilly landscape
with an altitude ranging from 1,000 m to 7,780 m. a.s. The
area is home to 77 peaks, with over 6,100 m including Tirich
Mir, the highest peak in the Hindu Kush and the fifth highest
peak in the world (Mannan, 2009). The area’s climate is a
continental type with a hot summer and extremely cold
winter. The area received an annual rainfall of 442.32 mm
(Mannan, 2009; Zeb, 2019). The mean minimum
temperature of the area is about 8.8°C, while the mean
maximum temperature is 22.9°C. The major types of rocks
are granite, limestone, phyllite, schist, slate, and marble. The
soil is generally fertile and varies from clay-loam to sandy loam.
The forests in the area are distributed at an elevation range
between 1,500 m and 3,800 m (Mannan, 2009; Ahmad et al.,
2022; Zeb, 2019). The major forest types in the area are the Sub-
alpine forests, dry temperate coniferous forests, oak, and ash
scrub florets. The dominant coniferous tree species include
Juniperus excelsa, Abies pindrow, Picea smithiana, Pinus
wallichiana, and Pinus gerardiana, the major broad-leaved
trees include Betula utilis, Quercus incana, Quercus baloot,
Fraxinus xanthoxylodies, Aesculus indica, Juglans regia, Acer
caesium, Punica granatum, Poplus nigra, Morus alba, and
Robinia pseudo-acacia (Ahmad et al., 2018; Ahmad et al., 2022).

2.2 Forest Cover Change and Rate of

Deforestation

The satellite images were obtained from the United States
Geological Survey (USGS, 2017) for the years 1973, 1993, and
2015. The image of 1973 corresponds to the earliest satellite image
available for this area and the images of 1993 and 2015 represents
the period of the imposition of logging ban policy The supervised
maximum likelihood algorithm was used for the spectral
classification of the images. After classification, multi-date
post-classification change detection techniques were performed
to determine forest cover change following (Mannan et al., 2018;
Mannan et al., 2019; Ahmad et al., 2018; Zeb, 2019). Image
validation and accuracy details are given in Supplementary Table
S1. To demonstrate spatiotemporal forest cover change over the
entire study period, forest cover changes between 1973 and 1993,
and 1993 and 2015 were measured. The net percent change in
each period was calculated using Equation 1 following Ahmad
et al. (2018).
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Percent forest cover change = (A Area/total land area)*100 (1)

Where, A Area represents the area of forest cover change in
different periods from 1973-2015.

The average annual rate of deforestation over the respective
periods was calculated using Eqn. 2 following (Puyravaud, 2003).
In the equation, A and A, represent the area of forest at time 1 (#,
=1908, 1930, 1948, 1973, 1993) and time 2 (¢, = 1929, 1947, 1972,
1992, 2015).

1 A2
r=——7%[ n(—) )
t1 —1t2 Al

The major human-induced causes of deforestation such as
agriculture expansion, settlement expansion, logging, livestock
grazing, and management regimes were also analyzed (data was
obtained from the area’s management plan).

2.3 Forest Carbon Assessment

The forest carbon stock of the area was assessed from the available
growing stock information in the working plan (Mannan, 2009).
The carbon value of above and below-ground biomass was
measured. For the above-ground biomass (ABG) carbon
measurement, first stem biomass was measured from the
growing stock volume and wood densities of the respective
species (Haripriya, 2000; IPCC, 2006; Kumar et al., 2021;
Sahoo et al., 2021). The stem biomass was then converted into
total above-ground biomass using the biomass expansion factor
(BEF) method proposed by IPPC, (2006). The below-ground
biomass (BGB) was assessed using root to shoot ratio (R)
following Adhikari et al. (1995); Amir et al. (2018), Rana et al.
(1989) and Kumar et al.,, 2021. The carbon stock was assessed
from the total biomass following Nizami, (2012); Ahmad and
Nizami, (2015), and Mannan et al. (2019).

2.4 Population Census and Wood Harvest
Data

In the study area, wood is harvested for fuel wood and timber,
both for sale and home use. Fuel wood and timber use for
domestic purposes during the respective time periods were
calculated based on the data provided in the working plan and
population growth rate based on population census data. Human
population census data were obtained from the Pakistan bureau
of statistics (PBS, 2017). Details of commercial wood harvest over
different periods from 1908 to 2015 were collected from the
working plan of the area. To calculate the fuel wood and domestic
timber harvest each year, we first calculated the annual fuel wood
and timber requirements per household using the available
information provided in the working plan of the area
(Mannan, 2009). Secondly, we measured each year’s human
population growth and then calculated year-wise fuel wood
and domestic timber consumption over the respective periods
(Details can be found in Supplementary Method 1). To calculate
the year-wise fuel wood and domestic timber consumption, first,
we calculated each year’s increase in population from 1908 to
2015 through Eqn. 3 and then calculated year-wise total wood
consumption through Egs. 4, 5

Carbon Emissions in Pakistan

Increase in population = past population#population

growth percent (3)
Annual domestic timber consumption = NHC x TR/H ~ (4)
Annual fuel wood consumption = No of HH x AFWR/HH (5)

Where, NHC = New houses constructed each year, TRH =
Timber requirements per house, HH = Household (8), AFWR
= Annual fuel wood requirements.

2.5 Carbon Loss and Gain Assessment

The net reduction in the carbon stock associated with
deforestation was calculated using Eqn 6. The carbon loss
associated with wood harvest was measured from the total
volume of wood removed using Eqn 7. Similarly, the annual
accumulation of carbon in the forest was calculated from the
Mean annual increment (MAI) using Eqn 8. The value of MAI
was obtained from the working plan. The net carbon (gain/loss)
was assessed from the total carbon gain and total carbon loss. The
IPCC. (2006) guidelines were used for all measurements.

ACDF(Million Mg C) = (TCB - TCA)*AAC (6)
AC WH (Million Mg C) = *Annual WH (million m*)*BEF

*D#*Carbon% (0.5) (7)
Annual carbon accumulation (Million Mg C)
= MAI#BEF*Ds*Area of forest (8)

Where AC pp = carbon loss from deforestation yr_1 and ACWH =
carbon loss from commercial, domestic and fuelwood harvest
MAI = Mean annual increment (m> yr’1 ha™'), BEF = Biomass
expansion factor, D = wood densities of respective trees species
(Kg m™).

3 RESULTS

3.1 Forest Cover Change and the Rate of
Deforestation and Their Major Drivers

A continuous decrease in forest cover since 1973 is apparent and
exists throughout the entire period analyzed in this study. The
total forest area in 1973 was 89,938 ha, and it was 82,540 and
68,904 ha in 1992 and 2015, respectively. Over the period, a 0.56%
annual change in forest land was observed. Interestingly, drastic
changes in forest land were observed during 1993 and 2015
(Supplementary Table S2). The remote sensing-based land
cover composition data highlights that, since 1973, (Figure 1),
the area of agricultural land and other bodies increased by 6,641
and 14,392 ha, respectively, (Supplementary Figure S1).

The results provide evidence that conversion of forest to
agricultural land (Figure 1, Supplementary Figure S1);
settlement expansion, dependency of local people on the forest
for fuel wood; domestic timber (with urban expansion) and
livelihood, and livestock grazing and rearing are the main drivers
of deforestation (Supplementary Figures S$2-S5). Our analysis
(Supplementary Figures S2-S5), highlighted that about 60% of
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FIGURE 1 | (A) study area, (B) Pakistan, (C) forest cover changes during 1973-1993 and (D) 1993-2015.
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people depend on forests for fuel wood, while about 16% depend on
forests as the first major livelihood source. Additionally, 36% of
people are using forests as a fodder source. Similarly, between 1908
and 2015, the number of households increased by 45,222
(Supplementary materials 2), resulting in settlement expansion at
the cost of forest loss. Furthermore, the higher rate of deforestation
between 1993 and 2015 revealed that the logging ban policy
associated with the existing forest management regime
(government based with the exclusion of community and
conservation), is not an effective tool for forest conservation and
management (Supplementary materials 1).

3.2 Wood Harvest

Wood is harvested for fuel, domestic timber, and commercial
timber. The rate of wood harvest increased over time (Table 1). A

higher amount total wood was harvested from 1993 to 2015, and a
lower amount was harvested during 1930-1947. Taken together,
since 1908, 24.84 million m” of wood has been removed from the
forest at an annual rate of 0.234 million m®. Taking our estimates
of each year’s growth as mean annual increment over the entire
period (1908-2015), the forests are getting a mean annual
increment of 0.238 million m> yr™', which is slightly more
than the mean annual wood harvest for that entire time
period (Table 2). However, since 1973 the amount of wood
removed exceeded the mean annual increment of the forest,
which is clear evidence that since 1973, annual wood harvest
has been more than the annual growth. Based on the population
and wood harvest trend analysis (Figures 2, 3), the rates of the
annual wood harvest increased over time with an increasing
population. If this increasing trend in population growth and
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TABLE 1 | Total wood harvest (million m®), annual wood harvest (million m*),
annual growth (million m®), and annual growth/harvest net difference
(million m®).

Period DWH FWH CMWH TWH ATWH MAI AGHD
1908-1929  0.015 2.36 0.040 2.42 0.1 026 -0.15
1930-1947  0.014 2.22 0.137 2.37 0.13 025 -0.12
1948-1972  0.068 3.69 0.050 3.81 0.15 024  -0.09

1973-1992  0.14 5.20
1993-2015  0.20
Total/Mean  0.43b

0.037 5.37 0.28 0.23 0.05
10.50 0.18 10.88 0.47 0.22 0.25
283.97a 0.44b 24.84 0.23 024  -0.01

DWH, domestic wood harvest; FWH, fuelwood harvest; CMWH, commercial wood
harvest; TWH, total wood harvest; ATWH, annual total wood harvest; MAI = Mean annual
increment AGHD, annual growth harvest difference.

TABLE 2 | Statistics of total carbon stock, mean annual increment, carbon gain,
carbon loss, and net carbon over different period.S.

Period Total carbon Carbon gain carbon loss Net carbon
million Mg C million Mg million Mg million Mg
Cyr’ Cyr’ Cyr
1973 5.95 0.132 0.15 -0.02
1993 5.46 0.121 0.26 -0.14
2015 4.56 0.10 0.54 -0.44
Mean 0.13 0.19 —0.06
0.6
Variable Quadratic Trend Model
—e— Actual
_m - Fits Yt = 0.10445 - 0.002316xt + 0.000052xt2
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K d
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FIGURE 2 | Year-wise trend in population growth (million).

consequential increase in wood harvest continues in the future, it
will put greater pressure on forests and further increase the net
wood harvest.

3.3 Dynamics of Forest Carbon

The average carbon stock value of the forest varied between
34 + 70 in the open forest to 98 + 26 Mg ha™" in dense forests,
with a mean carbon value of 66.11 + 15Mg ha™
(Supplementary Table S5). The total estimated carbon
stock of the entire forest area for the base year (1973) was
5.95 million tons, while it was 5.46 and 4.54 million tons in

Carbon Emissions in Pakistan
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FIGURE 3 | Year wise trend in wood harvest (milion m?).

TABLE 3 | Carbon emissions (million tons) related to deforestation and wood

harvest.

Period CLDF CLDWH CLFWH CLCMWH CLTWH GTCL
1908-1929 e 0.005 1.08 0.013 1.10 1.22
1930-1947 i 0.005 1.02 0.044 1.07 1.21
1948-1972 e 0.022 1.69 0.016 1.73 2.02
1973-1992  0.49 0.044 2.39 0.012 2.44 2.93
1993-2015  0.90 0.064 4.82 0.058 4.94 5.84
Total 1.39 0.14 11 0.14 11.29 12.68

CLDF = Carbon loss of deforestation, CLDWH = Carbon loss of domestic wood harvest,
CLFWH = Carbon loss of fuelwood harvest, CLCMWH = Carbon loss of commercial
wood harvest, CLTWH = Carbon loss of total wood harvest, GTCL = Grand total
carbon loss.

1993 and 2015, respectively, (Table 2). Over this time period,
the total biomass carbon stock of the forest decreased by 1.39
million tons, which indicates a 23% decrease relative to 1908.
In addition, the forests of the area have been sequestering
carbon at the annual rate of 0.13 million tons (Table 2). The
highest carbon sequestration and lowest carbon loss occurred
in 1973, while the minimum carbon accumulation and
maximum carbon loss occurred in 2015.

The calculated carbon emissions related to deforestation and
wood harvest are given in Table 4. The overall net reduction in
carbon is a result of deforestation and wood harvest across the
entire duration (1908-2015), accounting for 12.68 million tons at
the annual rate of 0.54 million tons. It is worth noting that higher
emissions resulted from fuel wood. Taking our estimates of
annual carbon gain and loss (Tables 2, 3), the forests act as a
net carbon source.

CLDF = Carbon loss of deforestation, CLDWH = Carbon loss
of domestic wood harvest, CLFWH = Carbon loss of fuelwood
harvest, CLCMWH = Carbon loss of commercial wood harvest,
CLTWH = Carbon loss of total wood harvest, GTCL = Grand
total carbon loss.
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4 DISCUSSION

4.1 Dynamics of Forest Cover Change and

the Rate of Deforestation

This study underlines the historic trends of FCC in the dry
temperate regions of the Hindu Kush Himalaya, Pakistan. Our
results highlighted that the forests in dry temperate regions in
Pakistan have been decreasing since 1973. Importantly, of all of
the net forest cover loss, about 50% of forest loss occurred during
1993-2015, reflecting the non-effectiveness of the current logging
ban policy under the existing management regimes. Concerning
the base year (1973), the overall net forest loss (33%) between
1973 and 2015 is lower than the historical forest loss of south and
southeast Asia and Oceania, but higher than Tropical Africa,
North America, East Asia, and Latin America from 1850 to 2015,
reported by Houghton and Nassikas (2017) (Supplementary
Table S6). The overall average annual rate of deforestation
since 1973 was 0.56%. This current deforestation rate is also
higher than the historic deforestation rate (1850-1915) of
Oceania, Tropical Africa, North America, East Asia, Latin
America, and south and Southeast Asia (Houghton and
Nassikas, 2015) (Supplementary Table S6). However, the
present rate of deforestation is estimated to be lower than the
average rate of deforestation (1.1%) in the Himalayan temperate
biome (Brandt et al., 2017). With respect to the overall national
deforestation rate, the current rate of deforestation is much
higher from the Himalaya and Karakoram ranges (0.15 and
31%) of Pakistan (Qamer et al., 2016; Mannan et al., 2019),
which is clear evidence that the existing forest management
regime in the area is ineffective.

4.2 Drivers of Deforestation

Agriculture is one of the prominent drivers across the tropics and
other developing countries, accounting for about 33-40% of
deforestation (Hosonuma et al., 2012; Song et al,, 2018). In this
study, agriculture expansion was also noted to be a major cause of
deforestation (30%) in the region (Supplementary Figure S1). In
the study area, agriculture is one of the major sources of meeting
local demands and the source of local livelihoods and energy, thus
putting huge pressures on forest land (Supplementary Figures S2,
S4 ,and S5). Settlement expansion is another driver of
deforestation in the area. During 1908 to 2015, an estimated
45,000 new houses were constructed in the area. Forests are a
source of land and constructional timber for new settlements. A
total of 7% has been acquired for new settlements over this period
(Supplementary Materials S2).

The dependence of local communities on forests resources as a
major livelihood source, timber harvesting (both commercial and
construction), fuel wood collection, livestock grazing, and rearing
are the other major drivers of deforestation. About 16.5% of
people (Supplementary Figure S4) in the area are dependent on
the forest for their livelihoods. The local people have the right to
cut dry trees and branches for fuel wood, getting 60% of the share
as a “Royalty” from commercial exploitation and construction
timber for infrastructure. Wood consumption is the major energy
source in the area, where more than 95% of people use wood as an

Carbon Emissions in Pakistan

energy source (Zeb, 2019). Our analysis shows (Supplementary
Figure S2) that about 60% of the total population gets their fuel
wood from the forests. The local communities also have the right
to graze their animals in forests and collect fodder. The statistics
regarding fodder sources (Supplementary Figures S3, S5)
revealed that 36% of the population gets fodder from the
forests. Most of the people feed their livestock through
grazing. Commercial livestock rearing is one of the major
income sources in the area, amounting to about 21% of local
livelihoods. Moreover, our results showed that the number of
livestock increased from 0.7 million to 0.71 million between 1998
and 2014, (Supplementary Table S4), indicating a possible
expansion of rangelands at the cost of forest area.

Besides direct drivers, forest-management regimes and their
associated policies impact the rate of deforestation as underlying
driving forces (Lambin & Geist, 2006; Lambin and Meyfroidt,
2010). The high rate of deforestation in the area relative to other
regions of Pakistan can be linked to the existing forest
management regime and their logging ban policy. The
government manages the area’s forests, where local
communities have unstable and insecure rights. Inconsistent
policies, exclusion of local communities from forest
conservation and management, and lack of governance
resulted in a high rate of deforestation. Furthermore, the
imposition of the logging ban policy in 1993 shifted the
pattern of forest land conversion. Before the ban, deforestation
was mainly higher in subalpine and temperate coniferous forests.
After the ban, deforestation shifted to Oak scrub forests as well,
most likely due to fuel wood extraction, livestock grazing and
shifting cultivation attributed to the population increase (Zeb,
2019). Without active community participation in forest
management and the continuation of unstable local rights,
decentralization might lead to unexpected outcomes (Ribot
et al, 2006). The present results revealed that despite the
logging ban policy, the rate of deforestation is high; therefore,
changes in management regimes are needed for effective forest
protection and conservation. In other parts of Pakistan, evidence
shows that management regimes characterized by effective
monitoring, stable community rights, and inclusion of
conservation and community resulted in a lower deforestation
rate and forest degradation (Qamer et al.,, 2016; Mannan et al.,
2019). Consequently, the inclusion of community participation in
forest management and decision making, with stable rights
supported by a high-level of effective monitoring and law
enforcement, is required for forest conservation.

4.3 Dynamics of Carbon Related to Wood

Harvest and Forest Cover Change

Wood is harvested from the forests in the form of fuel wood and
fodder collection, domestic, and commercial timber harvest. Out
of the total amount of wood harvested over time, most of the
wood has been removed for fuel wood (96%, Supplementary
Figure S6). With an increasing population, year-wise wood
harvest significantly increased over time (Figure 3,
Supplementary materials 2). Furthermore, the results of the
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FIGURE 4 | Year-wise trend in carbon loss due to wood harvest
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trend analysis in Figure 3, revealed that wood harvest is
increasing each year and will continue in the future.

Globally, forest carbon has been largely affected due to wood
harvesting for fuel and timber. Wood harvest reduces the biomass
carbon stock of a forest and lowers soil carbon by reducing litter
input (Arneth et al., 2017). The present finding underlines that
wood harvest led to a significant carbon loss over time and accounts
for 11.29 million tons at an annual rate of 0.52 million tons.
Globally, from 1850 to 2015 of the total wood harvest-related
carbon emissions, 54% came from fuel wood (Houghton and
Nassikas 2017). However, it is worth noting that in the present
study, about 97% of emissions come from fuel wood harvest
(Supplementary Figure S6). This represents a substantial
anthropogenic pressure on forest resources for fuel wood.

The release of total carbon related to FCC varied over time, and a
higher carbon has been removed during the post-logging ban
(1993-2015), which is attributed to more forest loss during this
period. The integrated carbon emissions related to wood harvest and
deforestation accounted for 12.68 million tons. Most of the emissions
were from wood harvest, which accounted for 86%, while
deforestation accounted for 14%. According to Houghton and
Nassikas, (2017) at a global scale, of the total emissions related to
deforestation and wood harvest, 38% emissions come from
deforestation, while 62% comes from wood harvest (54% from
fuel and 46% from timber). However, it is important to note that
in this study, most of the emissions occurred from wood harvest,
particularly from fuel wood (83%, Figure 6) which is attributed to the
heavy dependency of local communities on forests for energy. With
an increasing population, year-wise carbon emissions increased over
time and will be continuing in future (Figures 3, 4, 5, 6,
Supplementary materials 2). In the absence of alternatives and
sustainable management policies, this present trend can ultimately
result in more degradation. Therefore, counter mechanisms are
needed to cope with the future degradation of forest resources.
Such mechanisms includes the introduction of agroforestry and
agriculture incentives to local communities, providing alternative
sources of income, ie., ecotourism, development of clean energy
technologies, inclusion of community and conservation in forest
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FIGURE 5 | Year wise trend in carbon loss of wood harvest and
deforestation.
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resources management and effective law enforcement to the existing
forest management regime.

5 CONCLUSION

This study has investigated the trend and pattern of historical carbon
emissions with FCC and wood harvest in dry temperate forests of
Pakistan, intending to provide baseline information for accurate
estimates of regional and global carbon balance. This study also aims
to develop effective forest carbon management and conservation
policies. The findings indicate that agriculture and settlement
expansion, people’s dependency on forests for fuel wood, timber
and other livelihoods, livestock grazing and rearing, and illegal
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harvesting were the major drivers of FCC, wood harvest, and their
related carbon emissions. The results suggest that the existing
management regime and their ban policy are also a cause of
deforestation. Despite a logging ban policy (in 1993),
deforestation was much higher than in the past. Insufficient
monitoring and law enforcement and excluding conservation and
community management were the major failures of the logging ban
policy. The increasing trend in population will ultimately accelerate
future demand for agriculture, timber, fuel wood, settlements, and
livestock. Therefore, counter approaches are needed to meet the dual
goals of forest carbon conservation and fulfilling local requirements.
Such approaches include increasing agriculture production on
existing-cleared lands, introducing agroforestry and biodiversity
conservation tools such as trophy hunting (for forest mammals
and birds), and the development of alternate energy sources.
Furthermore, establishing protected areas, including conservation
and community-based management, and implementing sufficient
monitoring and law enforcement into the existing management
regimes are needed (Houghton and Hackler, 2006; Le Quere et al.,
2009; Joshua et al., 2017; Mannan et al., 2018; Sahoo et al., 2021).
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