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Abstract 

Background Dry Afromontane forests play a vital role in mitigating climate change by sequestering and storing 
carbon, as well as reducing greenhouse gas emissions. Despite previous research highlighting the importance of car-
bon stocks in these ecosystems, the influence of canopy cover and environmental factors on carbon storage in dry 
Afromontane forests has been barely assessed. This study addresses this knowledge gap by investigating the effects 
of environmental factors and vegetation cover on carbon stocks in Desa’a forest, a unique and threatened Afromon-
tane dry forest ecosystem in northern Ethiopia. Data on woody vegetation, dead litter, grass biomass, and soil samples 
were collected from 57 plots. A one-way analysis of variance (ANOVA) was performed at a 95% confidence level 
(α = 0.05) to examine the influence of canopy cover and environmental factors on the carbon stocks of various pools.

Results Among the 35 woody species identified, Juniperus procera was the most dominant, while Carissa edulis Vahl 
and Eucalyptus globulus were the least dominant. The average total carbon stock was 92.89 Mg  ha−1, with contribu-
tions from aboveground carbon, below-ground carbon, litter carbon, grass carbon, and soil organic carbon. Among 
the carbon pools, soil organic carbon had the highest carbon stock, accounting for 76.8% of the total, followed 
by above-ground biomass carbon at 17.7%. Significant variations in carbon stocks were found across altitude class 
and canopy level but not slope and aspect factors.

Conclusions In summary, altitude and canopy level were found to significantly influence carbon stocks in Desa’a 
forest, providing valuable insights for conservation and climate change mitigation efforts in dry Afromontane forests. 
Forest intervention planning and management strategies should consider the influence of different environmental 
variables and tree canopy levels.
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Introduction
Forests play a crucial role in addressing global climate 
change by absorbing carbon dioxide  (CO2) from the 
atmosphere, which has a positive impact on biodiversity, 
local economies, human health, and recreational activi-
ties [1]. As global warming is increasing, there is grow-
ing interest in using forests to mitigate climate change 
through carbon sequestration [2]. Forests are instru-
mental at storing carbon and act as a natural “brake” 
against climate change [3]. However, when forests are 
cleared, the carbon stored within them is released back 
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into the atmosphere as in the form of  CO2 [4]. Therefore, 
the effectiveness of forests in mitigating climate change 
depends on their carbon sequestration potential and 
management strategies [5].

Tropical forests cover approximately 45% of the world’s 
forest [6] and store around 25% of the world’s carbon [7]. 
Dry forests, which account for nearly half of the world’s 
tropical and subtropical forests, play a crucial role in sup-
porting the livelihoods of millions of people, particularly 
in regions with high population densities and associ-
ated energy and land demands [8, 9]. Dry forests provide 
essential ecosystem services that help communities adapt 
to climate change impacts, such as droughts and other 
extreme events [10]. These forests are home to a high 
diversity of plant and animal species, which need to be 
protected for maintaining ecosystem balance and resil-
ience [11]. The conservation and sustainable manage-
ment of dry forests are essential for maintaining resilient 
and multi-functional landscapes and for countering the 
increasing vulnerability of people, forest ecosystems, and 
species in these fragile ecosystems [12].

Dry forests play a crucial role in climate change miti-
gation by sequestering and storing carbon and reducing 
greenhouse gas emissions [10]. As terrestrial ecosystems, 
forests are major sinks of carbon, sequestering about one-
third of biotic emissions [13]. Dry forests, which are dis-
tributed across extensive geographical ranges in Africa, 
Latin America, and the Asia Pacific, have high potential 
for carbon storage [14]. However, the potential of dry 
forests to sequester and store carbon is poorly under-
stood, and past attempts to estimate carbon stocks have 
ignored the drylands ecosystem heterogeneity [15]. The 
mitigation role of dry forests, including dry Afromontane 
forests, is influenced by various environmental factors. 
These factors play a significant role in determining the 
carbon sequestration potential and overall contribution 
to climate change mitigation.

Environmental factors such as altitude, slope, and 
aspect can significantly affect the carbon sequestration 
potential of dry Afromontane forests [13, 16, 17]. For 
example, higher altitudes can lead to cooler tempera-
tures, which can negatively impact the growth and health 
of trees and, consequently, their ability to sequester car-
bon [5, 16]. Furthermore, a literature review on forest 
carbon sequestration found that environmental factors 
such as soil quality, temperature, and precipitation sig-
nificantly influence the carbon sequestration potential of 
forests [18]. These factors influence the amount of car-
bon that can be stored in the biomass and soils of these 
ecosystems, which in turn, impacts their ability to miti-
gate climate change.

Canopy cover has a significant impact on the carbon 
storage capacity of dry forests, with varying levels of 

canopy density influencing the accumulation and seques-
tration of carbon in these ecosystems. For example, a 
higher canopy cover can lead to increased interception of 
precipitation, which can result in more water being held 
in the canopy, foliage, and soil, thereby enhancing carbon 
sequestration [17]. Canopy cover also affects the amount 
of sunlight that reaches the forest floor, which can impact 
the growth and development of understory plants and, 
consequently, the overall carbon sequestration potential 
of the ecosystem [19]. Understanding these factors and 
their influence on carbon sequestration can help guide 
the development of effective management strategies and 
conservation efforts to enhance the mitigation role of 
these ecosystems in addressing climate change.

However, quantitative information on how canopy 
cover and other environmental factors affect carbon 
sequestration potential of Desa’a dry afromontane forest 
is lacking. In Desa’a forest, previous works have docu-
mented studies on the impact of fencing on regeneration, 
tree Growth and carbon stock potential [20], regenera-
tion response of various species [21], tree dieback effect 
on climate change mitigation potential of a dry afromon-
tane forest [22] and allometric models for predicting 
aboveground biomass of trees [23]. Understanding the 
interplay between canopy cover, environmental factors, 
and the mitigative potential of dry afromontane for-
ests is crucial for effective management, allowing these 
ecosystems to maximize their climate change mitiga-
tion potential while also conserving their ecological and 
socio-economic values [8]. Therefore, the aim of this 
study is (i) to analyze the vegetation structure of Desa’a 
forest; (ii) to assess the relationship between canopy 
cover, and environmental factors, and with biomass 
and soil carbon stock; and (iii) to identify the key envi-
ronmental factors influencing biomass and soil carbon 
stocks in Desa’a forest, northern Ethiopia.

Materials and methods
Study area
Geographically, Desa’a forest is situated between 13° 20′ 
and 14° 10′ north latitude; 39° 32′ and 39° 55′ east lon-
gitude (Fig.  1). The size of the forest is 154,071  ha. The 
forest area is 60 km far away from northeast of Mekelle, 
the capital city of Tigray region, northern Ethiopia. The 
altitude of the forest area ranges from 900 at the lower 
limit up to 3100  m above sea level at the plateau [24]. 
Over a five-year period from 2015 to 2020, temperature 
data collected from the Atsbi district meteorological sta-
tion, which is situated adjacent to the study area, revealed 
that the average minimum and maximum temperatures 
in the study area were 9.2 ℃ and 19.9 ℃, respectively. 
The average annual temperature was 18 ℃. Besides, the 
area has a uni-modal rainfall pattern with the peak rainy 
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season being from July to August and hence, the amount 
of rainfall ranges between 406  mm and 692  mm with a 
mean annual rainfall of 602 mm.

Desa’a forest is dominated by Juniperus procera and 
Olea europaea tree species and the dominant soil types 
are Lepthosols, Cambisols, Vertisols and Arenosols. The 
local farming community surrounding Desa’a forest 
practices a mixed farming system, where crops and live-
stock are integrated into the same agricultural operation. 
Wheat and barley are the primary crops grown in the 
study area, indicating a significant focus on cereal pro-
duction in the region [24].

Sampling techniques and data collection
A random selection of forest areas was made within the 
Desa’a forest, from three forest sites, namely Kaal Amin, 
Felegewayne, and Hawile. A systematic grid sampling 
method was used to identify plots within the area, with 
a 500-m gap between transects and 500 m between plots 
within each transect. A total of 11 transects (4 in Kaal 
Amin, 4 in Hawile and 3 in Felegewayne) were estab-
lished, with five plots per transect in most cases, except 
for one transect that had seven plots. This resulted in a 
total of 57 sample plots, evenly spaced at 500 m intervals 
along the transects.

The number of main plots were determined using Pear-
son et al. [25] equation;

 where: E = allowable error or the desired half-width of 
the confidence interval. Calculated by multiplying the 
mean carbon stock by the desired precision (that is, mean 
carbon stock x 0.1, for 10% precision), t = the sample sta-
tistic from the t-distribution for the 95% confidence level; 
t is usually set at 2 as the sample size is unknown at this 
stage,  Ni = number of sampling units for land cover type 
i (= area of land cover type in hectares), n = number of 
sampling units in the population,  si = standard deviation 
of land cover i.

Each plot consisted of two nested subplots: a main plot 
measuring 20  m by 20  m, a subplot measuring 3  m by 
3 m, and a sub-subplot measuring 1 m by 1 m. The 3 m 
× 3 m sub-plot were established at the center of the main 
plot while the 1 m × 1 m sub-plots were established, with 
one in the center and four in the corners. Various physi-
cal characteristics were recorded for each plot, includ-
ing canopy cover, aspect, altitude, and slope. These data 
were categorized according to the guidelines outlined 
in Table  1. The forest canopy levels were classified in 

(1)n =
(
∑

n
i=1

Ni*Si)
2

N2*E2

t2
+

(
∑

n
i=1

Ni* Si2
)

Fig. 1 Map of the study area
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accordance with the Ethiopian forestry definition stand-
ards [26].

All trees and shrubs were identified in the main plots. 
A botanist supported by the local people was engaged 
to confirm scientific names and local names of the plant 
species. Diameter at breast height (DBH) and height (H) 
of all species within the plot was measured using a cali-
per and or a tape meter and a 5 m pole graduated with 
10 cm markings respectively from each main plot. Trees 
taller than 5  m were measured using clinometer posi-
tioned at 10  m distance from the base of the tree and 
focused on the highest point of the tree. However, trees 
and shrubs with DBH ≥ 4.2  cm were considered for the 
biomass and carbon estimation. Sapling and seedlings 
were recorded from sub-plots measuring 3 m × 3 m. Soil, 
grass and dead litter samples were collected from the 1 m 
× 1 m sub-plots. All grass biomass and dead litter within 

the sub-plots were collected. The total fresh weight was 
measured using a spring balance in the field, and a com-
posite sample was taken to the laboratory for carbon 
analysis. The samples were oven dried at 72 ℃ for 48  h 
[27]. The subsample is used to determine oven-dry-to-
wet mass ratios to convert the total wet mass to oven-dry 
mass. Soil samples were collected from each sub-plot at 
two depths (0–10 cm and 10–20 cm) using a core sam-
pler [28]. The soil samples were mixed properly in their 
respective layers, and composite soil samples were placed 
in plastic bags and labeled. Within each plot, we col-
lected two undisturbed soil cores from the 0–10 cm and 
10–20  cm soil layers at the plot’s center, carefully seal-
ing them in airtight containers to preserve their integrity 

for subsequent measurements of bulk density. In the 
laboratory, the soils were oven dried at 105 ℃ for 24  h 
to remove moisture, allowing for the determination of 
organic carbon percentage and bulk density.

Analysis of vegetation structure
The structure of the vegetation was analyzed by computing 
species density, relative density DBH and height. Tree den-
sity was computed by converting the count from the sam-
ple plot to a hectare basis as in Eq. 2.

Relative density of trees was calculated as the number of 
individual species divided to the total number of individu-
als and multiplied by 100 (Eq. 3).

The DBH and H of the trees and shrubs were categorized 
into six classes with 5 cm intervals, following the classifi-
cation system used by Mucheye and Yemata [29]. The per-
centage distribution of trees and shrubs in each class was 
then calculated to provide a comprehensive overview of the 
size structure of the vegetation.

Carbon quantification
Estimation of aboveground biomass carbon (AGC)
The aboveground biomass of the trees and shrubs was 
estimated using a specific equation (Eq.  4) developed by 
Tetemke et al. [23] in the Desa’a forest, which is the same 
location where the current study took place.

(2)

Density (D) =
Number of individuals of species A countd

Area sampled in meter square

(3)

Relative density (RD) =
Number of individuals of species A countd

Total number of individuals in the area
∗ 100

(4)AGB = a ∗ (DBH)b

Table 1 Description of variables considered for this study

Variables (parameters)

Canopy level Elevation Slope Aspect

Dense forest: All lands with crown cover of the upper strata is between 50 
to 80%

Lower (2500–2700 m) Gentle slope (0–5◦) North (337.5–22.5), 
Northeast (22.6–67.5), 
Northwest (292.5–
337.5)

Open forest: All lands with crown cover of the upper stratum 
is between 20 to 50 percent

Middle (2701–2800 m) Moderate slope (5.1–20◦) East (67.6–112.5),

Bare land: It is land of limited ability to support life and in which 
less than one-third of the area covered by vegetation or other cover

Upper (2801–3050 m) Steep slope (20.1–35◦) West (247.5–292.5)

Southeast 
(112.6–157.5), South 
(157.6–202.5), South-
west (202.6–247.5)
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 where, AGB is aboveground biomass (kg), DBH is diam-
eter at breast height (cm); whereas “a” and “b” are coef-
ficients (i.e. a = 0.298 and b = 2.034).

Aboveground carbon stock was estimated using the 
following equation (Eq. 5)

 where, AGC is aboveground carbon and AGB is above-
ground biomass and 0.47 is conversion factor for carbon 
content [30].

Estimation of belowground biomass carbon (BGC)
Belowground biomass was estimated from root–shoot 
ratios by taking into account the 26% of aboveground 
biomass of woody species according to IPCC [30] (Eq. 6):

 where, BGB is belowground biomass, AGB is above-
ground biomass and 0.26 is conversion factor.

Belowground carbon was calculated using the follow-
ing formula (Eq. 7)

 where, BGC is belowground carbon, BGB is below-
ground biomass and 0.47 is conversion factor for carbon 
content.

Estimation of litter biomass carbon (LC)
The amount of biomass in the litter was analyzed as fol-
lows [31] (Eq. 8);

 where: LB = litter biomass (Mg  ha−1).
Wfield = fresh weight of litter sampled (g) within the 

subplot;
A = size of the area in which litter were collected (ha);
Wsub-sample (dry) = weight of the oven-dried sub-

sample (g) and Wsub-sample (fresh) = weight of the fresh 
sub-sample of litter taken to the laboratory (g).

Litter carbon stock was estimated as follow (Eq. 9):

 Where, LC is litter carbon and LB is litter biomass and 
0.47 is default carbon fraction value, as recommended by 
IPCC [30].

Estimation of grass biomass carbon (GC)
Grass biomass carbon stock was calculated as follows 
[28] (Eq. 10);

(5)AGC
(

kg
)

= AGB ∗ 0.47

(6)BGB
(

kg
)

= AGB ∗ 0.26

(7)BGC
(

kg
)

= BGB ∗ 0.47

(8)

LB =
Wfield

A
∗

Wsub− sample
(

dry
)

Wsub− sample
(

fresh
) ∗

1

10,000

(9)LC
(

Mg
)

= LB ∗ 0.47

 where: GB = Grass biomass (Mg  ha−1), Wfield = weight 
of wet field sample of grass sampled (g) within an area 
of size 1  m2; A = Size of the area in which grass was col-
lected (ha); Wsub-sample (dry) = weight of the oven-dry 
sub-sample of grass taken to the laboratory to determine 
moisture content (g), Wsub-sample (fresh) = weight of 
the fresh sub-sample of grass taken to the laboratory (g).

Grass carbon stock was estimated as follow (Eq. 11):

 where, GC is grass carbon and GB is grass biomass 0.47 
is the default carbon fraction value, as recommended by 
IPCC [30].

Estimation of soil organic carbon (SOC)
Soil organic carbon (SOC) was estimated using Pearson 
et al. [31] (Eq. 12).

 where, SOC is soil organic carbon per unit area (Mg 
 ha−1), Bulk density (g/cm3) = Oven dry mass (g)/Volume 
 (cm−3), D is the depth at which the soil sample was taken 
(20 cm) and % carbon is carbon concentration (%) deter-
mined in the laboratory using the Walkley and Black [32] 
method.

Estimation of total carbon stock (CT)
The total carbon stock was calculated by summing the 
carbon stock of the individual carbon pools [31] as in 
Eq. 13.

 where,  CT = total carbon stock for all carbon pools 
(Mg  ha−1), AGC = aboveground carbon stock (Mg  ha−1), 
BGC = belowground carbon stock (Mg  ha−1), LC = lit-
ter carbon stock (Mg  ha−1), GC = grass carbon stock (Mg 
 ha−1) and SOC = soil organic carbon stock (Mg  ha−1).

Statistical analysis
Prior to ANOVA, data were tested for normality and 
equality of variance. One-way analysis of variances 
(ANOVA) with 95% confidence interval (α = 0.05) was 
applied to see the effect of canopy cover and environ-
mental factors on carbon stocks of different pools. Tukey 
honestly significant difference (HSD) post-hoc tests were 
performed to separate means across the different levels 

(10)

GB =
Wfield

A
∗

Wsub− sample
(

dry
)

Wsub− sample
(

fresh
) ∗

1

10,000

(11)GC
(

Mg ha−1
)

= GB ∗ 0.47

(12)SOC = Bulk density ∗ Depth ∗ %carbon

(13)
CT

(

Mg ha−1
)

= AGC + BGC + LC + GC + SOC
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of environmental variables. Moreover, standard deviation 
of means were calculated to quantify the precision of the 
mean values. Pearson correlation test was also used to 
analyze the relationship between the environmental fac-
tors and carbon pools. To identify change in carbon stock 
along the environmental variables, linear regression anal-
yses were done. Carbon stocks of different pools were 
considered as the dependent variable, while altitude, 
slope and aspect were used as the independent variables. 
Statistical tests were performed using minitab software 
version16.

Results
Vegetation characteristics
The total numbers of plant species recorded in the study 
area were 35, which belong to 22 different families. The 
total numbers of stems used to determine their carbon 
stock were 1323 trees and shrubs. The most dominant 
tree species was Juniperus procera Hochst. ex Endl. and 
covers a relative density of 76.0%. The second dominant 
plant species was Dodonaea angustifolia (2675 stems 
 ha−1) which covers a relative density of 8.1%. However, 
the least dominant plant species were Carissa edulis Vahl 
and Eucalyptus globulus (totally each with 1 stem). Based 
on tree life form, among the total woody species recorded 
67.5% (1161 total stems) were trees, whereas the remain-
ing 12.5% (162 total stems) were shrubs. The total num-
bers of saplings were 1849 and the seedlings were 2365. 
From the total 35 woody species, only 4 species (11.5% 
relative density) were exotic, whereas the remaining 31 
species (88.5% relative density) were indigenous.

40% of the total woody species had a DBH below 5 cm 
(Fig. 2). Another 30% fell within the DBH range of 5 to 
10  cm. There were only a small number of woody spe-
cies with a larger diameter, specifically in the DBH class 

between 20.1 and 25 cm, which made up 5% of the total 
stem density. Generally, as the diameter of woody species 
increased, the density of trees and shrubs decreased. The 
smallest recorded DBH value was 4.2 cm, while the larg-
est value was 69 cm.

From Fig.  3, it can be observed that the highest 
tree height density category was between 1 and 5  m, 
accounting for approximately 50% of the total count of 
stems. 26.4% of the total stems were found in the sec-
ond height class category. There were only a few woody 
species found in the height class above 20 m, making up 
approximately 2.6% of the total count of stems.

Carbon stocks
The mean total carbon stock from the five carbon 
pools was 92.89 Mg  ha−1 (Table 2). Among the carbon 
pools, soil organic carbon had the highest carbon stock, 
accounting for 76.8% of the total, followed by above-
ground biomass carbon at 17.7%.
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Table 2 Mean (± SD) total carbon stocks (mg  ha−1) of the 
different carbon pools of the sampling study area

AGC   Aboveground carbon, BGC Belowground carbon, LC litter carbon, GC Grass 
carbon, SOC Soil organic carbon

Carbon pools Mean carbon stock % of 
carbon 
stock

AGC 16.48 ± 7.78 17.7

BGC 4.30 ± 2.02 4.6

LC 0.18 ± 0.18 0.20

GC 0.56 ± 0.58 0.6

SOC 71.37 ± 17.68 76.8

Total 92.89 ± 20.17 100



Page 7 of 13Solomon et al. Carbon Balance and Management           (2024) 19:30  

Carbon pools under different environmental factors
Carbon stocks at different canopy levels
Aboveground and belowground carbon significantly 
varied across the canopy levels (Table  3). Significantly 
highest aboveground and belowground carbon stocks 
were recorded in the dense forest while lowest above-
ground and belowground carbon stocks were recorded 
in the bare land.

Carbon pools along altitudinal gradients
The variation in altitudinal gradient affected carbon stock 
in all carbon pools (Table 4; Fig. 4). Significantly highest 
aboveground carbon stock was recorded in the middle 
altitude, while lowest carbon stock was recorded in the 
upper altitude. Similarly, significantly highest litter car-
bon stock was recorded in the middle altitude, while low-
est carbon stock was recorded in the upper altitude. In 
case of grass carbon, significantly highest carbon stock 
was recorded in the lower altitude class.

Carbon stocks across slope classes
While the highest aboveground carbon stock was 
recorded in the gentle slope, the lowest was recorded in 
the moderate slope (Table  5; Fig.  5). However, carbon 
stocks in all pools were not significantly different across 
the slope classes.

Carbon stocks across aspect categories
The difference on the direction of landscape (aspect) 
did not significantly affect carbon stocks across all car-
bon pools (Table 6; Fig. 6). However, the highest above-
ground and belowground carbon stock was found on 

the northwest direction and the lowest was found on the 
northeast direction of the study area. The highest SOC 
was recorded in the west direction, while the lowest was 
recorded in the northwest direction.

Relationship between the environmental factors and carbon 
pools
Correlations between  SOC stock and  environmental fac-
tors There was both positive and negative relationship 
between environmental factors and carbon stock variables 
(Table 7). The Pearson correlation result ranges from the 
minimum value (r = 0.03) almost no relationship between 
slope with and both above and belowground carbon pools 
to a maximum value (r = − 0.42) moderate negative rela-
tionship between altitude and litter carbon pool.

Regression models of  soil organic carbon stock Links 
between litter carbon stock, soil carbon stock and envi-
ronmental factors remained significant (Table  8), indi-
cating that environmental factors do seem to be a factor 
governing carbon stock. The results of the analysis also 
indicated that altitude is the most significant predic-
tor of litter carbon and soil organic carbon (p = 0.03 and 
p = 0.02, respectively).

Discussion
Carbon stocks under different carbon pools
The carbon stock along different carbon pools is 
affected by anthropogenic and environmental variables 
[17]. The pools can have spatial and temporal varia-
tions [33]. The mean total carbon stock for the Desa’a 
forest in northern Ethiopia was 92.89 Mg  ha−1. This 
value is lower than the mean total carbon stock of dry 

Table 3 Mean (± SD) carbon stocks (mg  ha−1) of different carbon pools at different canopy levels

*p < 0.05. Values within a column with same letters are not significantly different (p>0.05)

Canopy levels AGC BGC LC GC SOC

Dense forest 26.59 ± 3.88a 6.91 ± 1.00a 0.25 ± 0.20a 0.73 ± 0.59a 70.26 ± 9.05a

Open forest 14.82 ± 5.55b 3.85 ± 1.44b 0.16 ± 0.17a 0.55 ± 0.58a 74.84 ± 11.73a

Bare land 0.24 ± 0.31c 0.06 ± 0.08c 0.13 ± 0.17a 0.11 ± 0.21a 60.08 ± 10.36a

p-value 0.004* 0.004* 0.289 0.173 0.264

Table 4 Mean (± SD) carbon stocks (mg  ha−1) of different carbon pools along altitudinal class

*p < 0.05. Values within a column with same letters are not significantly different (p>0.05)

Altitude class AGC BGC LC GC SOC

Lower 17.23 ± 4.72b 4.48 ± 1.22b 0.22 ± 0.13a 0.65 ± 0.43a 52.23 ± 6.72b

Middle 21.64 ± 6.12a 5.62 ± 1.59a 0.23 ± 0.19a 0.51 ± 0.36a 92.45 ± 13.15a

Upper 9.06 ± 2.41c 2.34 ± 0.62c 0.08 ± 0.12b 0.50 ± 0.33a 43.48 ± 6.98c

p-value 0.021* 0.021* 0.004* 0.008* 0.000*
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Afromontane forests in Ethiopia, which was estimated 
to be 113.0 Mg  ha−1 [26]. The lower current result of 
92.89 Mg  ha−1 compared to the national average of 
113.0 Mg  ha−1 could be explained by the differences in 
the disturbance level and the environmental gradients 
of the forests. The disturbance level and the edaphic 
variables were responsible for the variation in the car-
bon stocks among forests in dry Afromontane forests 
in Ethiopia [17, 34, 35]. The degree of disturbances and 
topographic factors in the forests causes variations in 
carbon storage at different scales [36–38]. The methods 
followed and the allometric equation used to estimate 
vegetation biomass is another important factor that 
causes significant variation in carbon stock among for-
ests [39, 40].

Soil organic carbon had the highest carbon stock, 
accounting for 76.8% of the total carbon stocks, followed 
by aboveground carbon contributing 17.7%. The high 
amount of soil organic carbon in the study area can be 

attributed to several reasons. One possible reason is that 
the study area had high forest density in the past, and the 
recent inventory data from the “WeForest” project (2018) 
indicated that 74% of the forest density is degraded. Soils 
can store carbon for up to 500 years [41], which could 
explain the high soil organic carbon levels. Belay et  al. 
[42] also reported high soil carbon stocks in Afromon-
tane forests in the highlands of Ethiopia, resulting from 
long-lasting biomass accumulation. Consistent with the 
present study, Chinasho et  al. [43] reported that 74% 
and 14% of the total carbon stock were stored in soil and 
above-ground carbon stocks, respectively.

On the other hand, the present study recorded the 
lowest carbon stock in the litter carbon pool compared 
to other study results. For example, the mean total lit-
ter carbon of tropical dry forests was reported to be 2.10 
Mg  ha−1 [30]. Other dry Afromontane forests in Ethiopia 
have reported higher values, such as 2.34 Mg  ha−1 [44], 
2.72 Mg  ha−1 [45], and 1.28 Mg  ha−1 [46], but higher than 

Fig. 4 Carbon stock along altitudinal gradients

Table 5 Mean (± SD) carbon stocks (Mg  ha−1) of different carbon pools with respect to slope gradients

*p < 0.05. Values within a column with same letters are not significantly different (p>0.05)

Slope classes AGC BGC LC GC SOC

Gentle 20.08 ± 4.35a 5.22 ± 1.13a 0.17 ± 0.18a 0.53 ± 0.13a 77.53 ± 10.03a

Moderate 12.62 ± 3.85a 3.28 ± 1.00a 0.17 ± 0.13a 0.74 ± 0.58a 53.20 ± 10.36b

Steep 15.42 ± 4.81a 4.01 ± 1.25a 0.20 ± 0.11a 0.45 ± 0.47a 56.82 ± 12.01b

p-value 0.604 0.604 0.057 0.338 0.369
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the value of 0.02 Mg  ha−1 reported by Aregie [47]. The 
lower carbon stock in the litter carbon pool in this study 
could be attributed to climate factors. It could also be due 
to a lower litterfall accumulation caused by the evergreen 
nature of the tree species throughout the year. Addition-
ally, high decomposition rates and free grazing of animals 
can affect litter fall [48], might contribute to the lower lit-
ter carbon stock. Furthermore, since the study area has a 
mountainous and hilly landscape, litter fall could be eas-
ily washed out by erosion and other external factors [17]. 
Removing biomass from the forest floor by harvesting 
through herbivory, or residue or fuelwood could signifi-
cantly reduce soil carbon stocks [49].

Effect of environmental factors on carbon stock in dry 
afromontane forests
The variation in forest canopy levels affects the carbon 
stock of different carbon pools in the forest. The varia-
tion in canopy levels has an impact on the carbon stock 
of different carbon pools. The dense forest canopy level 
exhibited the highest mean carbon stock and is consist-
ent with the findings of Solomon et al. [14] in the Wujig 
Mahgo Waren dry afromontane forest. Dense tree and 
woody vegetation coverage in the dense canopy level may 
contribute to its high carbon stock potential.

Altitude affected the carbon stocks in all carbon pools 
within the forest area. Altitude has a major effect on the 

Fig. 5 Carbon stocks along slope

Table 6 Mean (± SD) carbon stocks (Mg  ha−1) of different carbon pools in different aspects

NW  northwest, S  south, SE southeast, SW southwest, E  east, W  west 

*p < 0.05

Aspect categories AGC BGC LC GC SOC

N 17.23 ± 5.89 4.48 ± 1.53 0.22 ± 0.06 0.22 ± 0.09 68.84 ± 8.08

NE 8.66 ± 2.67 2.25 ± 0.69 0.13 ± 0.05 0.63 ± 0.12 63.90 ± 9.18

NW 26.60 ± 3.22 6.91 ± 0.83 0.27 ± 0.08 0.50 ± 0.13 61.09 ± 9.82

S 22.07 ± 5.55 5.73 ± 1.44 0.31 ± 0.06 0.93 ± 0.29 72.61 ± 4.50

SE 15.09 ± 4.57 3.92 ± 1.18 0.16 ± 0.04 0.74 ± 0.22 78.75 ± 5.01

SW 17.76 ± 3.40 4.61 ± 0.88 0.17 ± 0.09 0.95 ± 0.17 67.77 ± 5.87

E 15.63 ± 4.83 4.06 ± 1.25 0.11 ± 0.07 0.42 ± 0.19 73.03 ± 9.04

W 12.07 ± 4.10 3.13 ± 1.06 0.16 ± 0.14 0.28 ± 0.07 75.94 ± 4.89

p-value 0.763 0.762 0.437 0.115 0.782
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variety, biomass, and carbon stock in forest ecosystems 
[50]. Climatic factors and differences in soil water regime 
along elevation gradients can influence forest carbon 
stock, as mentioned by Gedefaw et  al. [51]. The middle 
altitude class exhibited the highest carbon stock, while 
the upper altitudinal class had the lowest carbon stock, 
with the lower class falling in between, which is consist-
ent with Kassahun et  al. [44]. Total carbon stock was 
higher at the middle altitude than the upper and lower 
altitudes in Yegof montane forest, in Ethiopia [52]. The 
highest value at the middle altitudinal class in the present 
study might be due to the optimal climatic and soil con-
ditions for tree growth and survival. The altitudinal cat-
egorization is not standard and is site-dependent, making 
it difficult to compare the carbon stock between forests. 
Forests at higher altitudes are exposed to high wind and 
low temperatures and have low carbon stocks compared 
to forests at lower and middle altitudes with higher bio-
mass production due to higher photosynthesis and net 
primary production [53]. Variations in tree morphology 
with altitude were observed, with trees at high eleva-
tions displaying stunted growth, characterized by short 
stature and slender profiles. In contrast, trees at lower 
elevations exhibited a more bushy appearance, featuring 
short trunks and abundant branching. Meanwhile, trees 
at intermediate altitudes showed a more robust profile, 
with taller canopies and wider diameters, which will have 
a substantial impact on the estimation of biomass and 
carbon stocks.

Fig. 6 Carbon stocks across aspect categories

Table 8 Regression model of carbon stock at different carbon 
pools in the study area

*p < 0.05

Coef S R 2 Adj R2 p-value

AGC*Altitude − 0.041 15.5 0.11 0.06 0.136*

AGC*Slope 0.0282 16.4 0.1 0.00 0.833

AGC*Aspect 0.013 16.4 0.7 0.01 0.558

LC*Altitude − 0.0005 0.16 0.17 0.18 0.003*
LC*Slope 0.003 0.17 0.07 0.07 0.053

LC*Aspect 0.0002 0.18 0.01 0.03 0.354

GC*Altitude − 0.0008 0.57 0.04 0.05 0.175

GC*Slope − 0.006 0.57 0.04 0.02 0.144

GC*Aspect − 0.0008 0.58 0.03 0.05 0.271

SOC*Altitude 0.046 17.6 0.10 0.09 0.02*
SOC*Slope 0.115 18.6 0.00 0.01 0.44

SOC*Aspect − 0.002 18.7 0.00 0.04 0.94

Table 7 Pearson Correlation matrix between the different 
environmental factors and the carbon pools

*p < 0.05

Environmental factors AGC BGC LC GC SOC

Canopy level 0.16 0.16 0.08 − 0.07 0.15

Altitude − 0.26* − 0.26* − 0.42* − 0.22 0.31*

Slope 0.03 0.03 0.26* -0.16 − 0.13

Aspect − 0.11 − 0.11 − 0.19 − 0.23 − 0.22
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Regarding the grass carbon pool, the study found that 
the lower altitude class had the highest carbon stock, 
while the upper altitude class had the lowest. This was 
attributed to the high accumulation of grass biomass in 
the slightly flattened landscape of the lower altitude class, 
which benefits from good availability of water and soil 
nutrients [54]. Additionally, the use of grass biomass for 
livestock feed by local farmers was noted as a factor con-
tributing to the increased vegetative capacity over time.

In terms of slope classes, the present study did not find 
a significant difference in carbon stock across the carbon 
pools, like the findings of Yohannes et  al. [55], Simegn 
and Soromessa [48], and Kassahun et al. [44]. The similar 
species composition and soil type throughout the slope 
gradient of the forest may account for this statistically not 
significant result.

Regarding aspects, the present study did not find a sig-
nificant effect on carbon stock across the carbon pools. 
This contrasts with the findings of Kassahun et  al. [44], 
who reported a significant difference. The highest car-
bon stock was recorded in the south (S) and southeast 
(SE) aspects, while the lowest was in the northeast (NE) 
aspects. In contrast, other studies have shown different 
results. For example, Gedefaw et al. [51], found the high-
est carbon stock in the western aspect of Tara Gedam 
forest in northwestern Ethiopia, and Shiferaw [56] indi-
cated higher AGC and BGC in the eastern aspect. Micro-
climatic differences induced by topographic aspects may 
contribute to the variation in soil carbon sequestration 
and the distribution of plant communities, as suggested 
by previous studies.

Correlation between environmental factors and carbon 
pools
The Pearson correlation analysis revealed both positive 
and negative relationships between vegetation cover, 
environmental factors, and carbon pools. Altitude dem-
onstrated a significant inverse correlation with above-
ground, belowground, and litter carbon, but a positive 
significant correlation with soil carbon stock. This finding 
is consistent with the study conducted by Fang et al. [57], 
which reported similar results. Therefore, as elevation 
increases, there is a significant decrease in aboveground, 
belowground, and litter carbon, while soil organic carbon 
stock increases. This relationship can be attributed to 
various factors that vary with altitude, such as geomor-
phology, soil composition, humidity, cloudiness, rainfall, 
and temperature, as suggested by Gedefaw et al. [51] and 
Wodajo et al. [45].

Supporting this notion, a recent study conducted by 
Wodajo et al. [45] in the Gara-muktar dry Afromontane 
forest found a weak negative correlation between above 
and belowground carbon stocks with altitude, but a weak 

positive correlation with litter carbon and soil organic 
carbon (SOC). However, Tilahun [58] reported different 
results, indicating a positive correlation between eleva-
tion and aboveground and belowground carbon pools.

In terms of slope, there was almost no relationship 
observed between slope and aboveground and below-
ground biomass carbon stocks. However, a significant posi-
tive relationship was found, indicating a significant increase 
in litter carbon stock as slope increases. It is important to 
note that this current study’s findings differ from those of 
Kassahun et  al. [44], who reported a direct relationship 
between carbon stock and both altitude and slope.

Conclusion
In conclusion, this study provides a comprehensive over-
view of the woody vegetation composition, density, and 
structure in the Desa’a forest, as well as its carbon stock. 
The results reveal a dominance of certain tree species, 
with Juniperus procera Hochst. ex Endl. standing out as 
a prominent feature. The study also highlights the preva-
lence of small-diameter trees and shrubs, which form the 
majority of the forest’s woody cover.

Notably, the study finds that canopy level and altitude 
have significant effects on carbon storage in the for-
est. The dense forest canopy is characterized by higher 
aboveground and belowground carbon stocks compared 
to open forests and bare land. Altitude emerges as a key 
predictor of carbon stocks, with middle-altitude areas 
exhibiting higher values. In contrast, slope class and 
aspect do not exhibit a significant impact on carbon stor-
age. Instead, altitude is found to be the most important 
factor governing carbon stock in the study area.

The findings of this study underscore the importance 
of considering environmental factors when assessing car-
bon stocks in forest ecosystems. The results can inform 
conservation and management strategies for maintain-
ing and increasing carbon stocks in the Desa’a forest 
and similar ecosystems. Moreover, the study highlights 
the need for further research on the dynamics of carbon 
storage in these ecosystems and their responses to envi-
ronmental changes. Overall, this study provides valuable 
insights into the complex relationships between vegeta-
tion structure, environmental conditions, and carbon 
storage in the Desa’a forest.
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