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Introduction
Forests play a major contribution in the global carbon balance. 

They act as both carbon sources and sinks and they have the latent to 
form an important constituent to fight global climate change. Forests 
sequester a substantial amount of carbon through photosynthesis and 
transform it into above and below ground biomass [1]. The forest 
sequesters a significant amount of carbon and stores it in plant tissues 
and soil accounting more than 80% of all terrestrial above ground 
carbon and 70% of all the carbon accumulated in the form of soil 
organic carbon [2,3]. The world’s forests are estimated to store more 
than 650 billion tons of carbon, of which 44% is stored in the above-
ground living biomass, while 11% and 45% stored in dead wood and 
in the forest soil respectively [4]. Similarly, the tropical forests play a 
major role in the global carbon cycle, and it stores about 46% of the 
world’s terrestrial carbon pool and 11.55% of the world’s soil carbon 
pool, contributing for carbon reservoir and acting as a constant sink of 
atmospheric carbon [5]. According to Djomo et al. [6], moist tropical 
forests are important for carbon sequestration, because they typically 
have high carbon contents, nearly 110 tons per acre.

Ethiopia is one of the tropical countries with significant forest 
cover which can sequester a greater amount of carbon to mitigate 
climate change. The overall forest cover of Ethiopia is estimated to 
be around 13 billion hectare covering 11.4% of the total area of the 
country [4]. Based on the size of forest cover of the country, Ethiopian 
forests comprise about 2.8 billion tons of carbon [7]. The major stock of 
carbon is found in the woodland and shrub lands accounting for 45.7% 
and 34.4% respectively and constituting a larger area of the country. 
Relatively lesser amount is found in the high forests, plantations and in 
the lowland and highland bamboos accounting for 15.7%, 2.2% 1.92%, 
respectively. However the mitigation potential of Ethiopian forests is 
affected by deforestation and forest degradation. The major causes for 
low mitigation potential of are: land-use change to agricultural land, 
promotion of large-scale commercial farms, extraction of fuelwood and 
timber, expansion of settlement in forest areas and road construction. 

These consequences reduce the ecosystem services including carbon 
sequestration, the hydrological cycle and nutrient cycling which leads 
to cause climate change [8]. The impact of climate change on Ethiopian 
biodiversity is becoming a great challenge to the country. The extreme 
temperature and variability of rainfall have caused the extreme 
events such as drought and flood which significantly impacted the 
performances of the agricultural system particularly in the low lands 
of Ethiopia [9].

Therefore, the magnitude of climate change has critical on 
Ethiopian agriculture through maintaining the forest resources 
which requires mitigation and adaptation strategies for fulfilling the 
country’s food security and biodiversity conservation. The Gesha and 
Sayilem districts are potential forest areas designated as part of the 
Bonga National Forest Priority area (NFPA). This forest is found in the 
respective districts located in inaccessible remote areas and no study 
has been conducted on its carbon stock potential to sequester carbon 
in above and below ground biomass of forest. In addition the country 
is lacking periodic inventory data of carbon stocks for national carbon 
inventory for the REDD+ activities and thus the determination of the 
carbon stock potential of the Gesha and Sayilem forest will contribute 
to the national carbon database. Thus, the study aimed to determine the 
carbon stock potential of Gesha-Saiylem forest and to provide relevant 
information for National REDD+ programmed to inform policy and 
decision makers.
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Abstract
This study measures the carbon stock of the Moist Afromontane Gesha-Sayilem forest found in Gesha and 

Sayilem District in southwest Ethiopia. A stratified sampling method was used to identify the number of sampling 
point through the Global Positioning System. A total of 90 plots having nested plots to collect tree species and soil 
data were demarcated. The allometric and Walkley-Black method was used to estimate biomass and soil carbon 
stock, respectively. The carbon stock of trees was estimated using an allometric equation developed by Chave’s 
model. The results revealed that the total carbon stock of the forest was 362.4 ton per hectare (t/ha) whereas the 
above ground carbon stock was 174.95 t/ha, below ground litter, herbs, soil, and dead woods were 34.3, 1.27, 
0.68, 128 and 23.2 t/ha (up to 30 cm depth) respectively. The carbon pools’ carbon stock variation with altitude and 
slope gradients were not significant (p>0.05) indicating the altitudinal influence was small due to similar topographic 
features. The Gesha-Sayilem Forest is a reservoir of high carbon and thus acts as a great sink of the atmospheric 
carbon. Thus conservation of the forest through introduction REDD+ activities is considered an appropriate action for 
mitigating climate change.
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Materials and Methods
This study was conducted in the two districts of Gesha and Sayilem 

in Kaffa Zone of Southern Nations, Nationalities and Peoples Regional 
State (Figure 1). Gesha district is geographically located between 
7°35.36’ N latitude and 35°45.27’ E longitude while Sayilem is located 
between, 70°49.57’ N latitudes and 35°49.32’ E longitude. The total 
area of the Gesha and Sayilem districts is 705.20 km2 and 856.60 km2, 
respectively [10]. The topography of the landscape is undulating, with 
valleys and rolling, plateau and some with flat plains. The elevation of 
Gesha and Sayliem districts ranges from 1600 to 3000 m. The mean 
monthly temperature ranges between 9.5-29.5°C and the mean annual 
rainfall of the area is 1578 mm. The vegetation types of the study area 
belong to Moist Evergreen Afromontane forest [11], dominated by 
upper story species such as Pouteria adolfi-friederici, Olea welwitschii, 
Cordia africana, Polyscias fulva, Croton macrostachyus, Albizia 
gummifera, Schefflera abyssinica, Ekebergia capensis, Prunus africana, 
and Arundinaria alpina.

Measurement of carbon stock in the field

Stratified random sampling methods were employed to collect 
vegetation data due to large size of the study forest and unknown 

patterns as recommended by Smartt [12], Kent and Coker [13]. In 
order to increase precision and accuracy of measuring carbon stock, 
the area was divided into substrata [14]. For this purpose, altitudinal 
stratification was taken as criterion to divide the study area into different 
strata to get homogenous sampling units. Based on this stratification, 
the study area was divided into five elevational strata and the elevation 
distribution was extracted from the Digital Elevation Model (DEM). 
Contour lines were generated from the LiDAR Image Services, used to 
represent the elevations of a land surface above sea level. The altitudinal 
classification was made starting from the lower to the highest altitude 
at intervals of 200 m. The total number and distribution of sample plots 
for each stratum of the forest varied with the size of the strata. The size 
of the strata was calculated for each stratum and the numbers of plots 
were proportionally allocated based on the size of the stratum. In this 
sampling design, more sample plots were taken, from the strata having 
large area coverage of the forest and low numbers of sample plots were 
taken when the size of the forest was small.

For sampling of carbon stock of the forest, a nested plot design was 
used for the sampling of various carbon pools from different strata. 
Accordingly trees whose diameters were greater than 50 cm DBH were 
measured in 35 × 35 m plots, whereas those trees and shrubs with DBH 
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Figure 1: Location map of the Gesha-Sayilem forest in Gesha and Sayilem districts in Southwest Ethiopia.
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20-50 cm were measured in 25 × 25 m subplots and small sized trees 
with 5-20 cm DBH were measured in 7 × 7 m subplots [14]. The DBH 
and height were measured for woody plant species encountered in the 
sample plots with a DBH>5 cm. Those individuals with DBH below 
5 cm were not measured but destructively sampled for estimation of 
the biomasses of saplings and seedlings. The measurements of DBH 
and height were made using a measuring tape. The model developed 
by Chave et al. [15] was used to estimate the AGB due to its accuracy 
and the similarity of climatic zone of the study area. Thus, the equation 
developed by Chave et al. [15] was used to calculate the aboveground 
biomass and presented below:

AGBest=0.0559 × ρD2H

Where, AGB: Above-Ground Biomass (kg); ρ: Wood specific 
gravity (g cm-³); H: Height of the plant and D: Diameter of the tree.

The wood density was obtained from different wood density 
databases developed for tropical forest by Reyes et al. [16] and Chave 
et al. [17]. The wood density data for Ethiopian species was obtained 
from, the Ministry of the environment and climate change. When the 
wood density for a species was not recorded in the data base, an average 
default value of 0.5 was taken as endorsed by Chave et al. [17] for trees 
of tropical species. The sum of all plant species’ biomass was calculated 
for each sample plot and the biomass density was expressed in kg/m2 
and finally converted to tons per hectare. The biomass stock density 
was converted to carbon stock densities after multiplication of 0.47 
with the IPCC default value [18]. The below ground biomass (BGB) 
of woody plant species was estimated from its aboveground biomass 
[19], the BGB of the study forest was estimated from the AGB using the 
following equation developed for the tropics:

BGB=AGB × 0.2

Where, BGB: Below Ground Biomass, AGB: Above Ground 
Biomass, 0.2 is conversion factor (20% of AGB).

Measurement of litter carbon

The litter biomass was estimated using a simple wooden frame 
having 1 × 1 m (1 m2) was established at the center of each plot. Then 
samples of the litter were collected at five spots four from a corner of 
the plots and one from the center. The fresh weight of samples was 
weighed and recorded using a spring balance. From this fresh sample 
a well-mixed sub-sample of 100 g was brought to the laboratory and 
oven dried for 48 hours at 65°C using dry-ashing method as suggested 
by Allen et al. [20].

Wfield Wsub_sample(dry) 1LB =
Wsub_sample(Fresh) 10000A

× ×

Where, LB: Litter biomass (t/ha); W field: Weight of wet field 
sample of litter sampled within an area of size 1 m2 (Kg); A: Size of the 
area in which litter were collected (ha); Wsub-sample, dry: Weight of 
the oven-dry sub-sample of litter taken to the laboratory to determine 
moisture content (g), W sub-sample, fresh: Weight of the fresh sub-
sample of litter taken to the laboratory to determine moisture content (g).

For carbon content determination of litter then oven-dried samples 
were taken in pre-weighed crucibles and ignited at 550°C for three 
hours in the furnace. After cooling, the crucibles with ash were weighed 
and percentage of organic carbon was calculated. Litter biomass (t/
ha) and Carbon stock in litter biomass was then determined using the 
following formula:

CL=LB × %C

Where, LB: Litter biomass (t/ha); CL: Total carbon stock in the 
litter in t ha-1; %C: The carbon content in forest litter was calculated 
by multiplying it with the carbon fraction analyzed in the laboratory.

Determination of herb and shrub carbon

Herbs and shrubs were collected within plots of 2 × 2 m and 5 × 5 
m respectively by clipping all the plants in sample plots and weighed in 
the field using a spring balance. A well-mixed subsample of 150 g was 
taken from the field and oven dried until a constant mass is achieved 
for the dry biomass determination. The carbon fraction of the sample 
was determined by taking the oven-dried samples in pre-weighed 
crucibles and it was ignited at 550°C for one hour in the muffle furnace. 
The ash was weighed after the ash containing crucible has been cooled 
and percentage of organic carbon was calculated.

The DBH of the standing dead trees with leaves and branches were 
measured as live trees using the allometric equation, when a tree has 
no branches and just the bole, volume was estimated using truncated 
cone formula:

Volume Bole=1/3πh (r1
2+r2

2+r1r2) as developed by Pearson et al. [14]

Where, h: The height in meters; r1: The radius at the DBH of the 
tree; r2: The radius at the top of the tree.

Measurement of carbon in dead wood

Dead wood lying on the ground was measured using the line-
intersect method [21]. To measure dead wood a subplot size of 10 × 
10 m was laid within the main plot. The length of the lines intersecting 
a piece of down dead wood and its diameter was measured. The three 
density classes (sound, intermediate and rotten wood) were determined 
in the field using the machete test [22]. The samples of dead wood were 
collected from each density classes and brought to the laboratory and 
their volume was measured using the floatation method [23]. The wood 
was oven dried for 48 hours at temperature of 105°C. For each density 
class the volume was calculated using the formula developed by Brown 
et al. [24].

2 2 2
1 2 n[d d d ]Volume = L =

8
2 + +

π

Where d1, d2, dn: Diameters of intersecting pieces of dead wood in 
cm; L: Length of the transect line in m.

Biomass of laying dead wood (t/ha)=volume × density.

Measurement of soil organic carbon

The soil samples were collected from five sub-plots in the same way 
as litter collection. A soil sample was collected on two layers 0-15 cm and 
15-30 cm from five spots and mixed homogeneously and a composite 
subsample of 100 g from each plot was taken to the laboratory for 
analysis. The Walkley-Black method was used to determine SOC after 
it had been grounded and passed through a 2 mm sieve. For the bulk 
density, a core sampler was used to collect soil samples and bulk density 
was calculated from the oven dry weight of soil after it has been dried 
at 105°C and divided by volume of the core sampler. The soil organic 
carbon was computed using the formula:

SOC=BD × D × %C

Where, SOC: Soil organic carbon stock per unit area (t/ha); BD: 
Soil bulk density (g cm-3); D: The total depth at which the sample was 
taken (30 cm) and %C: Carbon concentration (%).
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Statistical analysis

The mean values of tree DBH, height, density, soil organic carbon, 
litter carbon were managed using Microsoft Excel 2010 and one-way 
analysis of variance (ANOVA). The Pearson correlation was performed 
between aboveground carbon and species diversity, disturbance, 
altitude, slope and aspect.

Results
Estimation of above and below ground biomass of trees

A total of 78 woody plant species were recorded for the above 
ground biomass estimation. The aboveground biomass and carbon 
stock-density of the woody species vary among the plant species. The 
highest aboveground carbon density per tree was obtained for a few 
woody species having higher DBH values. The highest carbon stock 
densities were recorded for Schefflera abyssinica (58.75 t/ha), Ekebergia 
capensis (31.71 t/ha), Prunus africana (5.6 t/ha), Olea welwitschii (42.12 
t/ha), Pouteria adolfi-friederici, (10.62 t/ha), Syzygium guineense (15.80 
t/ha), Elaeodendron buchananii (7.04 t/ha), Sapium ellipticum (7.8 t/
ha) and Croton macrostachyus (7.48 t/ha) (Table 1). These species 
contributed 65% of the total carbon stock density in the forest. The least 
AGC were recorded for Rhamnus prinoides, Hypericum revolum and 
Nuxia congesta.

Carbon stock in above and below ground biomass

The minimum and maximum aboveground biomass per plot was 
found to be 0.92 and 2266.3 t/ha, respectively with the mean value of 
349.9 t/ha . The minimum below ground carbon was 0.08 t/ha whereas 
the maximum was 213 t/ha with mean value of 34.3 t/ha (Figure 2). The 
analysis of litter carbon concentration per sample plot gave a minimum 
of 0.01 t/ha and a maximum of 6 t/ha with a mean value of 1.27 t/
ha indicating a variation between sample plots. The minimum and 
maximum carbon content of the herbs was 0.06 and 2.04 t/ha and with 
mean value of 0.68 t/ha. Similarly, the minimum and maximum shrub 

carbon stock density per plot was 0.01 and 4.2 t/ha, respectively with 
mean value of 0.46 t/ha. The greater amount of carbon stored in above 
ground carbon and soil organic carbon while lesser amount stored in 
litter and non woody plants.

Soil organic carbon

Laboratory analysis of soil for soil organic carbon showed that, 
the mean soil organic carbon of Gesha-Sayilem forest was 6.7% with 
a minimum value of 2.28% to the maximum of 17%. The soil bulk 
density ranged from 0.5 g cm-3 to 1.4 g/cm-3 while the average soil bulk 
density was 0.7 g/cm-3 demonstrating the presence of high soil organic 
matter in mineral soil. The mean soil carbon stock density was 128 tons 
of carbon ha-1, while the minimum and maximum soil carbon stock 
densities were 44.16 and 302.94 ton of carbon ha-1, respectively. This 
soil carbon pool sequestered a minimum and maximum CO2 value of 
162 t/ha and 1020.85 t/ha, respectively.

Carbon pools in dead wood

The collection of dead wood from sample plots indicated that 
the study forest had abundance of dead wood on the forest floor. 
The average carbon stock density of dead wood per plot was 23 t/ha. 

Species name Carbon in AGB 
t/ha

Carbon in BGB 
t/ha

Total carbon 
t/ha/tree

CO2 
t/ha/tree

Schefflera abyssinica 58.75 27.61 86.36 316.9
Ekebergia capensis 31.71 14.91 46.62 171.1
Prunus africana 27 5.4 32.4 118.908
Olea welwitschii 42.12 19.8 61.92 227.2
Pouteria adolfi-friederici 10.62 4.99 15.61 57.3
Syzygium guineense 15.8 7.43 23.23 85.3
Elaeodendron buchananii 7.04 3.31 10.35 38
Sapium ellipticum 7.8 3.66 11.46 42.1
Croton macrostachyus 7.48 3.51 10.99 40.3
Elaeodendron buchananii 7.04 3.31 10.35 38
Apodytes dimidata 5.33 2.51 7.84 28.8
Ficus sur 5.33 2.51 7.84 28.8
Ilex mitis 3.15 1.48 4.63 17
Macaranga capensis 2.71 1.27 3.98 14.6
Euphorbia ampiphylla 2.58 1.21 3.79 13.9
Macaranga capensis 2.71 1.27 3.98 14.6
Euphorbia ampiphylla 2.58 1.21 3.79 13.9
Allophyllus abyssinicus 1.52 0.71 2.23 8.2
Dracena afromontana 0.97 0.46 1.43 5.2
Gallineria saxifarga 0.65 0.31 0.96 3.5
Rytignia neglecta 0.64 0.3 0.94 3.4
Millettia ferruginea 0.61 0.28 0.89 3.3

Table 1: Carbon stock (t C ha-1) of above and below ground biomass of tree species with the highest IVI Values in Gesha-Sayilem forest.

174.95

34.300.68
0.47 23.2

128

AGC BGC LC HC SAPC Dead wood SOC

Figure 2: Summary of mean biomass and carbon stock of different carbon 
pools in the study forest.
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The carbon density of dead wood lying on the forest floor was higher 
compared to that of carbon density of standing dead wood (Figure 3).

Total carbon stock

The total carbon stock of the study forest was calculated by adding 
up of all the carbon stock values of each carbon pool for all plots. 
The carbon stock ranged from a minimum of 69 t/ha in plot 17 to a 
maximum of 1665.69 t/ha in plot 63 with a corresponding minimum 
value of 2265.53 and maximum value of 6113.0823 CO2 equivalents 
(Figure 4) and the mean carbon density in all carbon pools of the study 
forest was 362.4 t/ha.

Comparison of carbon stock with other forest

When the carbon stock of the study forest is compared with that of 
different forest types (dry and moist Afromontane forests) in Ethiopia, 
the mean carbon stock in the above and below ground biomass is 
greater than Menagesha Suba State Forest, selected church forests in 
Addis Ababa, Semien mountain, Masha forest and lower than Gergeda 
and Anbessa forests, Egdu forest (Table 2) [25]. The above ground 
carbon of this study also falls within ranges reported for the global 
above ground carbon stock in tropical dry and wet forests which range 
between 13.5-122.85 t/ha and 95-527.85 t/ha, respectively. The variation 
in carbon stock between different forest types can probably be due to 
inaccurate measurements of tree variables, in efficiency of allometric 
models, presence of bigger sized trees with higher basal area, a higher 
density of woody species and anthropogenic disturbances. This agrees 
with Lasco et al. [31]; Moges et al. [7] who reported that different types 
of models used for biomass estimation would have an impact on the 
value of carbon stock estimated in a given forest.

The effect of altitude on carbon pools of the Gesha-Sayilem 
forest

The grouping of the carbon stock into lower, middle and higher 
altitudes classes indicated that higher carbon stock was recorded from 
the middle and higher altitudes, being 180.61 ± 26.48 and 158.83 t/ha, 
respectively as compared to lower altitudes (48.75 t/ha) of the study 
forest. The litter carbon density of the forest did not show a significant 
variation between upper, lower and middle altitudes but it is relatively 
higher in the middle and higher altitudes with the mean carbon density 
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Forest type AGC BGC LC SOC Carbon stock ton ha-1 References
Egdu forest 278.08 55.62 3.47 277.56 614.73 Feyissa et al. [26]
Simien mountain National park 57.83 13.88 0.85 92.7 165.26 Assaye et al. [27]
Gera forest 217.27 43.54 5.08 172.62 440.71 Hassen [28]
Anbessa forest 169.02 34 1.15 149 353 Yilma et al. [29]
Masha forest 155 31 - - 186 Yilma et al. [29]
Selected church forest in Addis Ababa 122.85 25.97 4.95 135.94 289.6 Tolla [35]
Congo forest 168.60 39.55 - - 207 Ullah and Al-Amin [30]
Bangladesh forest 96.48 14.61 4.21 168.15 283.45 Ullah and Al-Amin [30]
Gesha-Sayilem forest 164.5 32.9 1.27 137.67 362.4 Present study

Table 2: Carbon stock comparison of the study forest with other forest types in Ethiopia.
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of 3.75 t/ha and 0.86 t/ha, respectively (Table 3). The soil organic carbon 
density of the study forest was low in lower altitude as compared to 
the middle and higher altitudes. The lower altitude had a soil carbon 
density of 98.18 t/ha but middle and higher altitude stored carbon 
density of 127.6 t/ha and 128 t/ha respectively (Table 4). The overall 
carbon density of the forest significantly varies (p<0.05) between lower, 
middle and higher altitudes. The maximum total carbon density was 
recorded at middle (729.76 t/ha) and higher (741 t/ha). The lower 
carbon stock density was recorded in lower altitudes with the mean 
value of 261 t/ha.

Pearson correlation

The analysis between carbon stock of different pools and 
environmental factors (altitude, slope, aspects and disturbance and 
species diversity and richness indicated significant positive correlation 
between altitude and AGC, BGC but negative correlation with SOC. 
The slope is positively correlated with all carbon pools while aspect 
is negatively correlated but the correlation was not significant. 
Disturbance is negatively correlated for carbon pools (AGC, BGC, and 
SOC). A strong positive correlation was obtained for species diversity 
and richness with AGC and BGC (Table 4).

Discussion
Aboveground biomass

Sixty five percent aboveground was contributed by eight tree species 
(Schefflera abyssinica, Pouteria adolfi-friederici, Olea welwitschii, 
Ekbergia capensis, Syzygium guineense, Elaeodendron buchananii, Ilex 
mitis and Croton macrostachyus). These species are dominant in the 
study forest and have relatively high IVI values. They comprise a few 
large-sized individuals that contributed the larger proportion of the 
total biomass of the forest. The high carbon stock potential of trees 
in the forest was attributed to the density, age, and DBH of the tree 
species. Similar study by Singh et al. [32] reported that the size and 
age of trees could affect the carbon stock in the forest ecosystem. The 
carbon stored in the aboveground living biomass of trees is impacted 
by deforestation and degradation [33]. Forest disturbance significantly 
affects the carbon storage of the forest and it is the major contributor 
to carbon emission in the tropics and an important contributing factor 

to climate change. The variation of belowground biomass and carbon is 
due to variation in tree size, density and productivity of the forest area.

Litter carbon

Litter carbon concentration per sample plot recoded in this study is 
comparable to those reported for tropical rainforests (1.4 t/ha) [34] and 
tropical secondary forest in Philippines (1.9 ton/ha) [31]. However, the 
mean carbon stock in the litter pool of the study area was less compared 
to values recorded for selected church forests in Addis Ababa [35] and 
tropical dry forests (2.1 t/ha) [36]. The low carbon stock in litter can 
probably be attributed to the high decomposition rate and with less 
amount of litter fall. Since the area is found in tropical climate, the rate 
of decomposition is relatively fast and all the litter carbon could have 
converted to soil carbon [37]. In addition, the tree stands in the forest 
may not be matured and this could result in a low amount of litter fall 
leading to less amount of carbon.

Non-tree carbon biomass (herbs and shrubs)

The amount of herbaceous and shrub carbon in this study was low 
when compared to a mean 0.57 t/ha from a dipterocarp forest in the 
Philippines. However, it was higher than that in a secondary forest in 
the Philippines [31] and a tropical forest in Eastern Panama [38] which 
had the mean values of 0.07 and 0.11 t/ha, respectively. The decrease in 
non-tree biomass and carbon may be attributed to the shading effect of 
the canopy of trees which reduces light penetration and significantly 
affects the physical and chemical soil properties for the growth of herbs.

Soil organic carbon

The average amount of soil organic carbon in the study forest was 
128 tons/ha, which is lower than the carbon density estimates for the 
Afromontane Rain Forests of the Eastern Arc Mountains in Tanzania, 
which was found to be between 252 and 581 tons/ha [39,40]. The 
variation in SOC between different vegetation types is attributed to 
various factors including presence of different tree species, moisture 
contents, soil nutrient levels, climate zones, topographic areas and 
disturbance regimes [41]. The soil bulk density ranged from minimum 
of 0.32 g cm-3 to maximum of 1.1 g cm-3 equivalent with a mean value of 
0.64 g cm-3 which is an indication of high soil organic matter in mineral 
soils [42].

The effect of altitude on carbon stock

The analysis of altitude variation between lower, middle and 
higher altitudes indicated higher carbon stock levels in the middle and 
higher altitudes and low carbon stock at lower altitudes. This can be 
explained by the fact that most woody plant species with higher DBH 
class were recorded in the middle altitudes. Reyes et al. [16] showed 
that the presence of large individuals of trees can contribute to larger 
proportion of the above and below ground carbon. The carbon stock 
density of the forest decreased beyond 2300 m due to reduction in 
forest trees and dominance of wetlands and bamboos thickets. Litter 
carbon was high at low and mid altitudes and this indicated that at 
high-altitude, there were a few large trees accounting for the lower litter 
accumulation. The Soil Organic Carbon negatively correlated with 
altitude and it was relatively high at lower and middle altitudes but low 
at higher altitudes. This can be explained by the fast that decomposition 
of organic matter due to high temperature at low and mid altitudes. 
However, it decreased at higher altitude due to low temperatures and 
increasing precipitation which prevent decomposition of organic 
matter [43].

Carbon pools Lower Middle Higher F p-value
AGB 103.72 ± 35.5 384.47 ± 56.3 337.9 ± 42.3 6.23 0.003
AGC 48.75 ± 16.7 180.61 ± 26.48 158.83 ± 19.8 6.24 0.003
BGC 9.75 ± 3.34 36.13 ± 5.2 36.72 ± 6.4 4.507 0.014
LC 0.60 ± 0.114 3.75 ± 3.12 0.86 ± 0.087 0.730 0.485

SOC 98.18 ± 8.52 127.61 ± 4.5 128.00 ± 9.11 3.232 0.044
HC 0.38a ± 0.17 0.44a ± 0.11 0.19a ± 0.2 0.52 0.595

SPC 0.56a ± 0.36 0.81a ± .61 0.59a ± 0.27 1.797 0.172
Total Carbon 

density
261.7 ± 30.6 729.76 ± 88.1 741.01 ± 110 4.94 0.009

Table 3: Mean biomass and carbon stock (t ha-1) in different pools and altitudinal 
gradient.

Variables AGC BGC LC SOC
Slope 0.033 0.033 0.037 0.154
Aspect -113 -113 -172 -0.176
Disturbance -0.249* -0.249* -0.150 -0.300**
Species diversity 0.405** 0.405** 0.172 0.176
Species richness 0.371** 0.371** 0.312 0.103
*P ≤ 0.05; **P ≤ 0.001; ***P ≤ 0.0001.

Table 4: Person correlation coefficients (r) between Carbon stock and 
environmental variables.
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Correlation of carbon stock with environmental variables

There was weak a positive correlation (R2=0.03) between 
aboveground biomass and altitude. This can be attributed to variation 
in altitude, species richness and presence of large sized trees and soil 
variation at plot level. In this study, SOC and litter biomass decreased 
with increasing altitude. This decrease in soil organic carbon is due 
to a decrease in canopy cover, litter biomass and species richness and 
diversity. The amount of above ground carbon stock also varied with 
different disturbance levels. The highest amount of AGC stock was 
recorded at less disturbed forest. This is due to limited anthropogenic 
influences such as collection of firewood, logging as well as forest 
encroachment. This is in agreement with Wekesa et al. [44] who 
reported that natural disturbance and logging practice are strongly 
affect the forest carbon stocks. The result of correlation analysis 
between carbon stock density and species diversity in Gesha-Sayilem 
forest indicated that there is positive correlation between carbon stock 
and species diversity. This is in agreement with Hicks et al. [45] that 
found a positive relationship between carbon stocks and biodiversity 
globally. This to say a forest, having diverse plant species may produce 
more biomass resulting in higher carbon stock.

Conclusion
The five dominant species with higher IVI value for source as 

carbon sinks found in the forest are Schefflera abyssinica, Syzygium 
guineense, Pouteria adolfi-friederici, Gallineria saxifarga, Ilex mitis, 
Lepidotrichilia volkensii and Dracena afromontana. These plant species 
need to be protected for their economical, ecological and social services. 
The Gesha-Sayilem Afromontane Forest has high potential to store 
carbon stock of 362.46 ton/ha and this carbon stock should be included 
in the National Carbon Stock Database for the implementation of 
REDD+ with relevant organizations to benefit the local communities 
from carbon trade.
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