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Abstract

Intergovernmental Panel on Climate Change (IPCC) in its sixth assessment report (AR-6) has documented that the
atmosphere, ocean, and land have been warmed at an unprecedented rate as per history of last 2000 years. Greenhouse gas
(GHG) emissions from agriculture and forest soils account for 24% of the total global emissions. Soil processes directly
contribute to climate change through the production and consumption of carbon dioxide (CO,), methane (CH,) and nitrous
Oxide (N,O). Because of huge spatial and temporal variability in the soil-atmosphere exchange of GHGs, the measurement
of prevailing concentrations and prediction are still difficult. Under different forest types, soil responds in a dissimilar
fashion under varying climatic conditions. This research endeavor was pursued to estimate GHG accumulations from soil
under scrub, subtropical pine and moist temperate forests. This study is of unique scientific efforts and features in which
empirical data of the soil GHG emissions was gathered based on field observations. The present study apprehended forest
diversity and temporal variations using a static chamber and photoacoustic spectroscopy to estimate GHG accumulations
from soil. Seasonal variations strongly influenced CO, emissions in three forest types, while N,O accumulation was not
influenced by seasonal variations. In the winter season, the GHG accumulation decreased due to reduced microbial and root
respiration. Methane was not detected in any of the forest types investigated in this study. Our results showed that soil under
moist temperate forests produced more CO, in summer as compared to that in the other forest types. The subtropical chir
pine forest has the highest N,O accumulation in both summer and winter seasons. The outcomes of the research will be
useful for developing national GHG inventory as well as Forest Reference Emission Levels (FREL) for REDD+
implementation under the Paris Agreement. Further, the data produced in this study may be helpful in carbon trading under
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Kyoto Protocol. The present approximations of GHGs will aid in predicting the future climate trends.
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Introduction

Greenhouse gases (GHGs) entrap electromagnetic
radiations in the atmosphere and warm the earth. The
infrared radiations emitting from the earth surface (as a
black body) are caught by GHGs in the atmosphere. The
capturing of radiations is regulated by the geographic
conditions, seasonal variations as well as type and
quantity of the GHG. This phenomenon of natural
greenhouse effect composes a comfortable habitat for
living organisms by maintaining suitable temperature of
the earth. Global average temperature is around 14°C; it
would have been around -19°C without this natural
greenhouse effect (Kweku et al., 2017). The increasing
GHG concentrations due to anthropogenic activities are
disturbing the global energy balance through climate
forcing or radiative forcing. It has direct influence on
regional and global climate that is affecting agriculture
and forest production, human health and national
economy (Kweku et al., 2017; Latake et al., 2015). The
carbon dioxide (CO,), methane (CHy) and nitrous oxide
(N,O) are the most important GHGs accountable for
change and variation in climate forcing. The most crucial
one is CO, for its large quantity in the atmosphere
compared to other GHGs. However, CH, and N,O are
more efficient in trapping radiation than that of CO,. The
highly influencing nature of CH4 and N,O makes it more
hazardous even at lower concentrations compared to CO,.
Methane and N,O, for absorbing infrared rays, have
higher global warming potential than CO,. In comparison

to CO,, CH, has 28 times higher and N,O has 265 times
higher global warming potential (IPCC, 2013).

Global, annual emissions due to anthropogenic
activities exceeded up to 36.2 Gt during the year 2016
compared to 22.3 Gt in 1990 because of the emissions
from cement industry and burning fossil fuels (Anon.,
2018). Another important anthropogenic source emitting
GHGs is agriculture farming and land-use sector that
accounts for 4-5 Gt of GHG emissions every year
worldwide (Anon., 2018). During the past decade (2000-
2010), the GHG emissions were increased by 17% and on
an average 60 Mt CO, equivalent of GHGs were emitted
every year globally (Benbi, 2013).

Internationally, leading natural sources of CO,
include oceans (330 Pg), plant and animal respiration
(220 Pg) and soil respiration (220 Pg) (IPCC, 2013;
Gerlach, 2013; USGS, 2014). The natural sources of CH,4
emissions include wetlands (177-284 Tg), termites (20-29
Tg), oceans (4-15 Tg) and wild fires (2-5 Tg) (IPCC,
2013; Van-Amstel, 2012). Almost 6.6 million tons of N,O
were released from the soil under forests and other natural
vegetation that account for almost 60 % of the total
natural emissions of the world (IPCC, 2007). However,
natural sources are assumed to be in a balance for their
emission and storage potential of GHGs. Greenhouse gas
production due to human activities is believed to be the
primary reason for altering the global energy balance and
resultant global warming (Hensen et al., 2013).
Anthropogenic activities include deforestation,
combustion of fossil fuel and changes in land-use pattern.
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The conversion of forests to agricultural lands resulted in
reduction of 20-50% of stored carbon from the upper one-
meter earth layer (Berihu et al., 2017). Carbon dioxide,
CH, and N,O accounts for 76 %, 16 % and 6 % share in
total GHGs, respectively (Oliver et al., 2017). Sectoral
share of GHGs in the world is shown in Fig. 1.

m Electricity and heat production m AFOLU
| Transport
m Other energy

m Building
= [ndustry

Fig. 1. Global share of GHG emissions for different sectors.

A study based on the data of 40 years (1970-2010)
revealed that approximately 90% GHG emissions in the
Least Developed Countries (LDCs) are produced by
agriculture, forestry and other land-uses (AFOLU). An
annual increase of 0.6% has been witnessed. The primary
activities within AFOLU for the LDCs comprised
sustenance agricultural, livestock rearing and use of
timber as a fuel for domestic heating and cooking (Golub
et al., 2009; Dauvergne & Neville, 2010; Erb, 2012). The
emissions of CO,, CH, and N,O from AFOLU sector were
13%, 44% and 82% respectively as per global emissions
recorded during 2007-2016. It is also evident that changes
in land-use, especially conversion of forest lands to
agriculture and urban lands affect the overall GHGs
balance on the earth (Portner et al., 2019).

Soil is both a source and a sink of GHGs. The extent
of GHG emissions from soil is based on management and
land-use strategy. Physicochemical properties of soil are
imperative to its role as source and sink (Smith et al.,
2018). These influence its storage ability for the GHGs.
The fundamental processes that control GHG emissions
from soil include soil microbial activity, soil
decomposition, respiration by plant roots, and respiration
by soil fauna and fungi (Gougoulias et al., 2014). The
contribution of root respiration is about 50% of the total
respiration but it may deviate to 95% subject to season
and vegetation type (Zhang et al., 2019). Under anaerobic
conditions, methanogenesis results in the production of
CH; from soil which is utilized by methanotrophic
microbes for their metabolic activities (Serrano-Silva et
al., 2014). The temperature, moisture, nutrient status,
texture, structure and pH of the soil are driving factors for
the emissions of GHGs from soil and are thus the core
cause of global warming. A recent estimate depicts that
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global soil emissions account for 98 Pg C year™' which is
considerably higher than earlier statistics of 68-77 Pg C
yearf1 (Bahn et al., 2010). Therefore, the amount of
GHGs emitted from the soil needs to be well quantified.

It has been registered that forests cover 31% of the
earth surface and contain 77% of the above ground
terrestrial carbon (Keenan et al., 2015). Globally, total
carbon stock in forests is estimated to be 861 Gt out of
which the share of living biomass, litter and soil is 363
Gt, 116 Gt and 383 Gt, respectively (Ciais et al., 2014;
Pan et al., 2011). Terrestrial vegetation plays a significant
role in carbon cycle by capturing 123 Gt carbons annually
worldwide. Around 119 Gt carbon elements are returned
to the atmosphere by respiration (Ciais et al., 2014). On
the other side, natural ecosystems under forest lands
produce 3.37-6.60 Tg of N,O per annum globally with
tropical rain forests being the single largest natural source
of it (Zhuang et al., 2012). Although more carbon is
released to the atmosphere from forests as compared to
the collective anthropogenic emissions but most of this
carbon is recaptured. This is how forests act as carbon
sink and play a central role in mitigating climate change
(Brandon, 2014).

One can note that forest vegetation composition,
biodiversity and regeneration patterns are strongly
influenced by spatial as well as temporal factors. Spatial
factors include environmental features, aspects, slope,
elevation and distance. The change in species composition
is observed along with elevation gradient. Altitudinal
change directly influences humidity and temperature as
well as soil characteristics. Globally, the highest plant
biodiversity is found at middle elevation points (Kdorner,
2007). Slope and aspect influence vegetation patterns by
altering duration of day light, temperature and humidity
(Virtanen et al., 2010). Temporal variations significantly
influence GHG emissions and are largely driven by
seasonal fluctuations. The climate with a specific seasonal
pattern results in temporal variations in forest growth,
survival and productivity. Similarly, climate also directly
influences biotic and abiotic processes and eventually
GHG emissions from the soil. Temporal variations like
day and night and seasonal sequence strongly influence
GHG’s emission. Temporal data is unidirectional which
can be used to predict the future pattern of the emissions.

Pakistan has been ranked at 8" among adversely
affected countries of the world due to climate change. The
country has lost 0.52% per unit of its Gross Domestic
Product (GDP) with an economic loss of USD 3792.52
million due to climate change during 1999 to 2018
(Eckstein et al., 2019; Global Climate Risk Index, 2020).
A steady increase in GHG emissions is expected in
Pakistan, it was 347 Mt in 2011 and increased up to 557
Mt by 2020 and anticipated to be increased to 1046, 2156
and 4621 Mt by 2030, 2040 and 2050, respectively if
present emission levels are continued (Abas et al., 2017).

Most scientists believe that global change is an
outcome of human expansion of greenhouse effect.
Humans will be the most affected creature on this planet.
Climate change can be tackled by increasing number of
trees in order to enhance carbon sinks to reduce GHG’s
concentration in the atmosphere.
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The measurement of GHG emissions from various
sectors is important because by knowing current emission
tendencies, predictions about the future trends of climate
change can be made with more confidence and reliability.
This reliable information is the key to right strategy for
climate change mitigation. The GHG emission data is also
required for national GHG inventory for REDD+
implementation under Paris Agreement of 2016. Under Paris
Agreement Article-13, each country is bound to provide its
GHG emission data on periodic basis. Greenhouse gas
inventory of economic sectors conclude Nationally
Determined Contributions (NDC) of each country. This
study will contribute towards national economy by adding
accurate field based information of major forest types in the
database of forest reference emission levels (FREL) and
forest reference level (FRL) which is basic requirement for
international carbon trading. Furthermore, the soil emission
related data is also useful in effective management of forests
in the very context of climate change. Besides providing the
soil emission data, a standard measurement protocol under
regional forest and climatic conditions was developed for
extensive application and a guide for the future studies.

The objectives of the study were to explore spatial
patterns of GHG emissions and temporal dynamics,
along with quantification of soil GHG emissions in
forest ecosystems across subtropical and temperate
regions of Pakistan.

Materials and Methods

Description of the study area: Pakistan is 33" largest
country by area in the world. It lies between 61° and 75°
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East longitudes and 24° and 37° North latitudes (USGS,
2021). Location of the study area is shown in Fig. 2. The
highly diverse landscape of the country supports great
diversity of flora and fauna. Pakistan is a forest poor
country but still has best representation of diverse forest
types due to assorted geography and topography. Out of
total area of Pakistan only 5.1% (4.479 million hectares)
is under forest cover (Keenan et al., 2015). The major
reason behind low forest cover is the arid and semiarid
climatic conditions under 70-80% area of the country.
This unfavorable climate encompassing low precipitation
hampers tree growth and survival in Pakistan (Keenan et
al., 2015). Forests of Pakistan spreads from arid and
tropical zones of Sindh and Baluchistan to cold deserts
and snow fields in north; from tropical dry deciduous
forests in the Himalayan region to dry temperate forests in
inner Himalayas and from the riverine and swamp forests
of the Indus and its branches to the littoral forests
(Roberts, 1997). Share of different forest types in total
forest area of the country is presented in Fig. 3.

This study has focused on subtropical and moist
temperate forests of Pakistan. The study area spreads over
the administrative districts of Chakwal, Islamabad
(federal capital), Rawalpindi (tehsil Murree only) and
Abbottabad.

Moist temperate forests (MTF) are situated in district
Abbottabad whereas subtropical forests are spreading
over districts Rawalpindi, Chakwal and Islamabad.
Subtropical forests are further classified into two forest
types: scrub and subtropical pine forests (SPF). The three
forest types under study comprised of almost 75% forest
cover of Pakistan.
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Fig. 2. Location of the study area in Pakistan.
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Fig. 3. Forest cover of Pakistan by types. (Adopted from
Bukhari et al., 2012).

The climatic, geographic and vegetative attributes of
the study area are summarized in Table 1.

Stratification of the study area: A strong scientific
sampling strategy is considered necessary to collect best
representative data in the field studies. The stratified
random sampling is such a statistical technique as is used
to acquire the best representation of the study area. The
stratification process included segmenting of the large
population (forest types) into strata or subgroups. The
forest stratification was based on topographic attributes
which included elevation and slope because these factors
control distribution of tree species as well as their
existence and survival (Sharma et al., 2016; Joseph et al.,
2012; Zhao et al., 2013; Liu et al., 2018).

Sampling strategy and data collection: The information
regarding topographic features was extracted from Digital
Elevation Model (DEM) using Geographic Information
System (GIS) software ArcGIS 10.3 and 30m resolution
satellite imagery in Google Earth was used to recognize
forest types. Initially, thematic maps of slope and
elevation were developed. The strata within each forest
type were developed by integrating and classifying slope
and elevation data (Liu et al, 2018). Twenty eight
observation points were randomly selected in four strata
within each forest type. The composition of tree species
and forest density were recognized by visual elucidation
while selecting sampling sites. The data regarding GHG
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concentration in all three forest types was recorded for
summer and winter seasons separately. Fig. 4 illustrates
complete data collection process. After selecting sites,
point elevation and geographical coordinates were
recorded with the help of GPS. The GHG accumulation
over time was measured by portable gas analyzer
employing closed static chamber technique. This
technique has gained wide acceptability due to its
efficiency, portability and cost effectiveness (Ahmad et
al., 2020; Rochette & Eriksen-Hamel, 2008; Rochette &
McGinn, 2005; Mosier, 1994).

Closed static chamber: operating principle, design and
dimensions: The closed static chamber was designed to
restrict gaseous exchange between soil emissions and
atmospheric gases (Denmead, 2008). The chamber used in
the study was made up of iron. In order to make it durable
and solid, it was painted from outside and inside to avoid
any chemical reaction with the gases and external heating
by solar radiations in the atmosphere. Portable gas
analyzer with a vent on the top of the chamber was used
to record GHG emissions. The dimensions of chambers
used in the study were length: 0.6096 m, width: 0.6096 m
and height: 0.305 m. Therefore, area and volume of the
chamber were 0.3716 m” and 0.1133 m®, respectively.

Chamber placement and sampling time: The GHG
emissions were recorded during 9-11 am as this interval
indicates average accumulation of the day (Rochette,
2011). The chamber was inserted in the soil by 8 cm deep
to get a proper anchor. Four readings at the time interval
of 0, 10, 20, 30 minutes were taken from each sampling
site. The GHG accumulation at each sampling site was
replicated three times. The seasons have critical influence
on accumulation of GHGs due to variation in temperature
and moisture. The seasonal variations were assimilated by
recording GHGs in summer (May-July) and winter
(December-February) seasons (Denmead, 2008).

Photo-acoustic spectroscopy method: Photo acoustic
spectroscopy (PAS) based portable gas analyzer technique
has recently gained a momentum due to its efficiency and
cost effectiveness. The principle of PAS is that GHGs
captivate light at a precise wavelength in the ultraviolet
spectrum. According to Beer-Lambert law, this absorption
in the gas analyzers generates light which is converted
into a signal and recorded by a sensor (Darenova, 2014;
Swinehart, 1962).

Table 1. Climatic, geographic and vegetative attributes of the study area.

Sr.no. District Elevation Temperature - Precipitation Dominant tree species
(m) 0 (mm)
1 Chakwal 560 -700 4-40 350-500 Acacia modesta, Olea ferruginea
2. Rawalpindi 300-2790  3.2-39.4 380-1710  Acacia modesta, Olea ferruginea, Pinus roxburghii, Quercus incana
3. Islamabad 450-1600 13-40 380-510 Acacia modesta, Olea ferruginea
4. Abbottabad 1256-4117 -2.01-23.45 508-1743 Cedrus deodara, Pinus wallichiana, Picea smithiana, Abies pindrow
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Fig. 4. Flow diagram of GHG profiling process.

Data analysis: The GHG accumulation of CO, and N,0O
for three forest types were plotted overtime (minutes) by
season in order to identify emission tendencies. The
descriptive statistics of data was explored to learn about
trends. The statistical difference among forest types and
seasons for GHG accumulation was estimated by
applying Analysis of Covariance (ANCOVA) test, which
is a blend of simple regression and Analysis of Variance
(ANOVA). This test is preferred in case of more than one
independent categorical variable. Lack of fit statistics was
also employed to check the fitness of the statistical test.
This technique is used to test whether the statistical tool
fits to the data or not. This test gives result only in case of
suitable statistical analysis selection otherwise it does not
estimate data. Data analysis was made using IBM SPSS
V28 and Microsoft Excel.

Results

Stratification of the study area: The vegetation of
district Islamabad and district Chakwal (Punjab) is the
true representative of scrub forests. These districts were
further stratified on the basis of topographic factors i.e.
elevation and slope as shown in Table 2. The elevation
and slope information retrieved from DEM of the district
Islamabad and district Chakwal (Punjab). Keeping in
view elevation range, scrub forests were further
categorized into two elevation classes (Table 2). Low
elevation class was assigned to areas below 500 m while
high elevation class assigned to areas greater than 500 m.
Slope in the study area (scrub forests) ranged between 0-
27 degrees which is relatively low as compared to other
forest types. The scrub forest area was categorized into
two classes of low and high slope. Lower slope class
consisted of areas having slope between 0-13 degrees
while high slope class was between 14-27 degrees. After
slope and elevation classification, four strata were
developed as shown in Table 2.

Subtropical pine forests are located in tehsil Murree,
district Rawalpindi. The elevation range retrieved from
DEM of tehsil Murree was between 914-1730 m which is
within the range as described in conventional forest
classification. It was further categorized into two elevation
classes of low and high as shown in Table 3. Lower class is
stretched over 914-1322 m while the high elevation class is
ranged between 1323-1730 m. The slope in SPF was from
medium to gentle ranging from 0-75 degrees. Slope was
categorized into two classes: low and high. The lower
range was between 0-35 and high slope class was between
36-75 degrees. Four strata so developed were low
elevation-low slope (LeLs), low elevation-high slope
(LeHs), high elevation-low slope (HeLs) and high
elevation-high slope (HeHs) as shown in Table 3.

According to the conventional classification of the
forests in Pakistan, MTF lies between 1670-2590 m
(Champion et al., 1965). Forests of Nathia Gali and
adjacent areas in district Abbottabad are in the category of
MTF. The information retrieved from DEM of district
Abbottabad indicated the elevation range of 1674-2593 m.
The elevation was classified into two groups of low and
high magnitude. The low class was between 1674-2134 m
while the high class ranged between 2134-2593 m (Table
4). In addition to elevation classes, slope classes for the
district Abbottabad were developed and slope ranged
between 0-65 degrees. Strata developed on the basis of
slope and elevations are presented in Table 4.

Carbon dioxide accumulation by season: The
accumulation of CO, during summer and winter seasons
is shown in Fig. 5. The emissions were recorded for 30
minutes at the interval of 10 minutes (0, 10, 20 and 30).
Generally, GHG emissions in summer were higher than
that of winter season. In summer season, the highest
emissions were recorded in MTF while the lowest
emissions were registered in SPF. However, the highest
emissions were observed in scrub forests while the lowest
emissions in case of SPF forests during winter season.
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Table 2. Elevation and slope classes of scrub forests.
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In scrub forest, the average accumulation during
winter season was 0.20, 0.27, 0.31, 0.34 while in summer
it was 0.11, 0.19, 0.29 and 0.33 ppm at the intervals of 0,

Elevation/Slope Low (0-13°)  High (14 -27°)
Low (<500 m) LeLs LeHs 10.20 and 30 minut fivel
High (>500 m) HeLs HeHs , 20 an minutes respectively.

Table 3. Elevation and slope classes of subtropical pine fores

The average N,O accumulation in SPF during winter
was 0.30, 0.37, 0.43 and 0.48 ppm whereas during
summer it was 0.23, 0.34, 0.43 and 0.53 ppm at the time
interval of 0, 10, 20, 30 minutes. Overall, average N,O
accumulation was higher at 30 minutes as compared to

Elevation/Slope Low (0-35°) High (36-75°)
Low (914-1322 m) LeLs LeHs
High (1323-1730 m) HeLs HeHs winter season.

Table 4. Elevation and slope classes of moist temperate fore

In MTEF, N,O accumulation was 0.24, 0.28, 0.32 and
0.36 ppm during winter while in summer it was 0.22,
0.33, 0.39 and 0.45 ppm at the time intervals of 0, 10,

Elevation/Slope Low (0-38°) High (39-65°)
Low (1674-2133 m) LeLs LeHs 20, 30 minutes.
High ( 2134-2593 m) Hels HeHs

In scrub forests, the average CO, accumulation
during winter season were 506.21, 576.50, 640.89 and
682.39 whereas in summer, it was 492.79, 617.79, 689.46,
761.71 ppm at the intervals of 0, 10, 20, 30 minutes
respectively (Fig. 5 and Table 5). The average
accumulation in SPF forests was 473.21, 505.14, 565.07,
602.32 and 489.39, 541.89, 574.46, 611.68 ppm at 10
minutes intervals (0, 10, 20 and 30 minutes) during winter
and summer season respectively. Carbon dioxide
accumulation in MTF during winter season was 427.89,
516.96, 583.86 and 651.64 whereas in summer season
emissions were 465.46, 614.29, 711.29 and 773.75 ppm at
the time interval of 0, 10, 20, 30 minutes, respectively.

Nitrous oxide accumulation by season: Nitrous oxide
accumulation in three forest types during summer and
winter seasons is shown in Fig. 6. In summer season, the
highest N,O emissions were recorded in SPF followed by
MTF. The lowest emissions during summer were recorded
in scrub forests. Accumulation of N,O was recorded at the
interval of 0, 10, 20, 30 minutes.

Methane accumulation: It is worth mentioning that
throughout the study area CH, was never detected during
any season (summer and winter) in any of the forests
investigated in the present study.

Mean values of soil CO, emissions during 30 minutes
from three forest types are presented in Table 5. Results
indicated a significant difference in soil CO, emissions
among all forest types as well as seasonal variations based
on low p-value (0.016) (Table 6).

The results of lack of fit statistics were also applied
to the data which showed best fit of statistical test on the
data (p-value: 0.277). These results showed statistically
significant difference among all forest types. Results of
the ANCOVA are presented in Table 6.

Mean values of soil N,O emissions during 30 minutes
from three forest types are presented in Table 7. Results of
ANCOVA for N,O accumulations are shown in Table 8.
The results revealed that the seasonal variations didn’t have
the significant influence (p-value) on N,O accumulation
while there was highly significant difference among forest
types with a p-value of 0.001. Lack of fit test also showed
best fit results with a p-value of 0.599.

Table 5. Average soil CO, accumulation from three forest types.

Forest type Average CQO, accumulation (ppm)
Time (minutes) Summer Winter
0 | 10 | 20 [ 30 0o | 10 | 20 [ 30
Scrub 492.79 617.79 689.46 761.71 506.21 576.50 640.89 682.39
Subtropical pine 489.39 541.89 574.46 611.68 473.21 505.14 565.07 602.32
Moist temperate 465.46 614.29 711.29 773.75 427.89 516.96 583.86 651.64
Table 6. Results of ANCOVA for CO, accumulation.
Dependent variable soil CO,
Source
Sum of squares df Mean square F p-value
Season 207342.881 1 207342.881 5.898 0.016
Forest type 457270.155 2 228635.077 6.504 0.002
Lack of fit 90711.512 2 45355.756 1.295 0.277
Table 7. Average soil N,O accumulation from three forest types.
Forest type Average N,0O accumulation (ppm)
Ti inut Summer Winter
ime (minutes) 0 10 20 30 0 | 10 | 20 30
Scrub 0.11 0.19 0.29 0.33 0.20 0.27 0.31 0.34
Subtropical pine 0.23 0.34 0.43 0.53 0.30 0.37 0.43 0.48
Moist temperate 0.22 0.33 0.39 0.45 0.24 0.28 0.32 0.36
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Fig. 5. Carbon dioxide accumulation by season from soils of three forest types.

0.60

0.50

0.40

0.30

0.20

N20O Accumulation (ppm)

0.10

0.00

Summer

*Error bars are indicating standard error.

m Scrub ® Subtropical pine = Moist temperate

Winter

Minutes

Fig. 6. Nitrous oxide accumulation by season from soils of three forest types.

Table 8. Results of ANCOVA for N,O accumulation.

Source Dependent variable soil N,O

Sum of squares |df | Mean square | F |p-value
Season 0.074 1 0.074 1.345 0.248
Forest type 0.85 2 0.413 7.472 0.001
Lack of fit 0.057 2 0.029 0.514 0.599
Discussion

United Nations Framework Convention on Climate
Change (UNFCCC) requires reporting of national
inventory of GHG emissions by sources and removals
by sinks. In Pakistan, an initial effort was made by
Global Change Impact Studies Centre (GCISC) to
estimate national GHG inventory for multipurpose use.
They also estimated share of different sectors of the
economy in producing GHG emissions (Warlo et al.,
2018; GCISC, 2016). The first GHG inventory for the
country was submitted to UNFCCC as a part of initial

national communication of Pakistan during the period
1999-2003. This was based on IPCC 1996 guidelines for
the inventory development. These estimates were
limited to Tier | (basic method with lower accuracy).
The emission factors used for calculation were set in
global scenario rather than that of country or region
specific. Advanced and more accurate methods Tier 2
and 3 cannot be adopted due to lack of national or local
empirical data. A detailed assessment of different
sectors of the economy was carried out in order to define
Nationally Determined Contributions (NDCs). The
sectors include industry, energy, agriculture and
forestry. Energy sector is in the category of the highest
GHG emitting sector. Total GHG emissions estimated
in 1994 inventory were 181.7 million tons of CO,
equivalents. Sector wise emissions estimates were
47.2% in Energy, 39.4% in Agriculture sector, 7.3% in
Industrial Processes, 3.6% in Land Use and Forestry
(LUCF) and 2.5% in Wastes.
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Greenhouse gas inventory of Pakistan for the year
2014-15 was published by GCISC in 2017 [50].
UNFCCC Non-Annex | National Greenhouse Gas
Inventory Software, Version 1.3.2 has been applied for
the preparation of this inventory in accordance with
revised 1996 IPCC Guidelines. This employed Tier-1
approach using default emission factors of revised 1996
IPCC guidelines depending on national circumstances and
the availability of data of the country for emission
estimation. As per inventory report, the total estimated
GHG emissions for the year 2015 were 408.1 million tons
of CO, equivalents with 45.5% share of Energy sector,
42.7% share of Agriculture, 5.4% share of Industrial
Processes, 3.8% share of Waste and 2.5% share of Land-
Use Change and Forestry (LUCF) sector (GCISC, 2017).
This inventory provided reasonable basis for Pakistan’s
first NDC submitted to UNFCCC in November 2016.

Latest attempt was made in 2019 to find out recent
emissions and future trends of agriculture in Pakistan (ljaz
and Goheer, 2021). According to the findings, the share of
agriculture soils is 45.5% of total agricultural emissions.
Generally, it is thought that vegetation areas are sinks of
GHGs but in reality these are sources as well as sinks of
GHGs. This study is actually an innovative attempt to
generate empirical data for estimation of GHG emissions
from forest soils of Pakistan.

Temporal variations (seasons) strongly influenced
CO, emissions in all three forest types under this study.
The emissions in summer season were higher than what
was observed in winter (Saiz et al., 2006). Winter season
is considered as dormant period for biochemical and
physiological activities in forests, thereby the GHG
accumulation was diminished due to reduced microbial
and root respiration. The same trend was observed in this
research effort that the lower temperature and higher soil
moisture content produced lower emissions. Soil
temperature and soil moisture had integrated influence on
microbial and root respiration. Generally, higher CO,
emissions were observed in summer while lower in winter
(Xu & Qi, 2001; Rey et al., 2002).

It was concluded from these scientific narratives that
N,O emissions were least influenced by temporal
variations. Few other studies also reported that N,O
emissions were least influenced by seasonal variations
and relatively low in forest soils (Schulte-Bisping et al.,
2003). It is so because in the process of nitrification,
moisture content remains the most influencing factor. At
the level of 20% moisture, maximum nitrogen release
occurs (Schulte-Bisping et al., 2003). Forest typically acts
as a sink of CH,. In forest ecosystem, methanotrophic
respiration in aerobic condition is the main source of CH,
consumption in the forest. Methane was not detected in
any forest type under this study. The results of this
scientific research are in line with the findings of studies
conducted in different forest ecosystems (Zhu et al., 2014;
Dalal & Allen, 2008).

Forest type and species composition have a strong
influence on GHGs accumulation. A significant difference in
emissions was found in all three forest types [Scrub, SPF,
and MTF] (Gritsch et al., 2016). Carbon dioxide
accumulation in summer was the highest in MTF followed
by SPF and least in scrub forests. In winter, scrub forest had
the highest emission followed by MTF and SPF respectively.
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In MTF and SPF, the reason for huge amount of GHG
emissions was higher litter and humus content due to high
density, while lower emissions in winter were due to freeze
thaw activities. In winter season, the highest emissions were
recorded in scrub forests due to little variation in summer and
winter average temperature (Ben-Noah & Friedman, 2018).
Nitrous oxide accumulation trend in forests was almost
similar for both seasons. The observed sequence was SPF
with the highest emissions followed by MTF and scrub
forests (Vanitchung ef al., 2011). The highest N,O emissions
were observed in SPF forests and least emissions were
recorded in scrub forests. Nitrous oxide emissions were also
directly related to soil nutrient content (Kesik et al., 2005).
The soil under SPF indicated the highest N,O emission in
current study, may be due to high soil-nitrogen content
compared to other forest types investigated.

Conclusions

This research endeavour attempted to estimate GHG
emissions from forest soils in Pakistan. Temporal
variations (seasons) strongly influenced CO, emissions in
scrub, SPF and MTF forests while N,O emissions were
least influenced by seasonal variations. In winter season,
the emission rates were declined due to reduced microbial
and root respiration. Methane gas was not detected in any
of the forest types. Forest type or species composition
strongly influenced GHG emissions from soil. A
significant difference in GHGs accumulation was
observed among scrub, SPF and MTF forests. The results
showed that soil under MTF produced more CO, in
summer than that of other two forest types whereas soil
under scrub forests produced the highest CO, emissions in
winter. Subtropical pine forests demonstrated the highest
N,O emissions in both seasons. We suggest further
scientific investigations in other forest types of the region.
There might be some more logical ascertainments of
impact on forests across different climatic variables.
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