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Abstract 

Background: Forests play an important role in mitigating global climate change by capturing and sequestering 
atmospheric carbon. Quantitative estimation of the temporal and spatial pattern of carbon storage in forest ecosys-
tems is critical for formulating forest management policies to combat climate change. This study explored the effects 
of land cover change on carbon stock dynamics in the Wujig Mahgo Waren forest, a dry Afromontane forest that cov-
ers an area of 17,000 ha in northern Ethiopia.

Results: The total carbon stocks of the Wujig Mahgo Waren forest ecosystems estimated using a multi-disciplinary 
approach that combined remote sensing with a ground survey were 1951, 1999, and 1955 GgC in 1985, 2000 and 
2016 years respectively. The mean carbon stocks in the dense forests, open forests, grasslands, cultivated lands and 
bare lands were estimated at 181.78 ± 27.06, 104.83 ± 12.35, 108.77 ± 6.77, 76.54 ± 7.84 and 83.11 ± 8.53 MgC ha−1 
respectively. The aboveground vegetation parameters (tree density, DBH and height) explain 59% of the variance in 
soil organic carbon.

Conclusions: The obtained estimates of mean carbon stocks in ecosystems representing the major land cover types 
are of importance in the development of forest management plan aimed at enhancing mitigation potential of dry 
Afromontane forests in northern Ethiopia.
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Background
Forest ecosystems are main sources of livelihood for 
many people and play a crucial role in the economic 
development of many countries [1, 2]. They are essential 
natural resources that furnish a wide-range of ecosystem 
services such as moderating atmospheric carbon balance 
and thus, climate change [3]. Ecosystem services are the 
benefits that people get from ecosystem processes which 
are key to their survival and quality life. Some of these 
ecosystem services are food, carbon sequestration, nutri-
ent cycling, air and water filtration, and flood ameliora-
tion [4]. Carbon sequestration is the capture and storage 
of carbon that would somehow be produced and kept 

in the atmosphere or terrestrial systems [5]. Terrestrial 
systems especially plants represent an important car-
bon store, estimated globally at 638 Gt, of which 44% is 
present in plant biomass [6]. Carbon stock varies across 
forest types. While an average of 303 ton carbon  ha−1 is 
retained in tropical forests [7], 66 ton carbon  ha−1 and 
44 ton  ha−1 are retained in temperate and boreal forests 
respectively [8].

Ecosystem conditions affect carbon sequestration. 
Changes in land use including forest clearance for agri-
culture, settlement and industrial expansion have con-
tributed about 136 (± 55) Gt carbon or one-third of 
total anthropogenic emissions of carbon dioxide  (CO2) 
to the atmosphere over the past 150 years [9, 10]. Car-
bon emissions from deforestation and forest degrada-
tion are the second largest source of anthropogenic 
carbon emissions [11, 12]. Studies indicate that land 
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cover change has significant effects on carbon stock. 
For instance, land cover change significantly affected 
carbon stock by impacting the aboveground biomass 
and soil organic carbon in Malagasy rainforest, Mada-
gascar [13]. On the other hand, changes in land cover 
from non-forest to forest ecosystems through exclo-
sure, afforestation and reforestation activities are 
known to increase the carbon sequestration poten-
tial of an area. For example, Mekuria et  al. [14] found 
that the introduction of exclosures on degraded free 
grazing lands increased carbon stocks in the lowlands 
of Tigray, Ethiopia. Similarly, Cui et  al. [15] indicated 
that total carbon storage of forest ecosystems increased 
by approximately 29.3%, from 611.72  Tg in 1993 to 
790.75 Tg in 2008, as a result of ecological restoration 
projects in Shaanxi, Northwest China.

Reducing carbon emissions is of great importance in 
this era of climate change. Various mechanisms have 
been proposed by the United Nations Framework Con-
vention on Climate Change (UNFCCC). These include 
cutting down  CO2 emissions from Annex 1 countries, 
and reducing emissions from deforestation and degra-
dation by promoting conservation, sustainable man-
agement of forests and enhancing forest carbon stocks 
(REDD+) [16]. The purpose of REDD+ is to create an 
incentive for developing countries to protect, better man-
age and wisely use their forest resources, thereby contrib-
uting to the global fight against climate change [17]. One 
critical element for the REDD+ mechanism is the ability 
to know the carbon storage potential of a forest ecosys-
tem, and the factors likely to affect both the rate of car-
bon accumulation and the maximum amount of carbon 
that can be stored.

REDD+ initiatives have focused on tropical moist for-
ests because of their large carbon stocks per unit area 
[18] and the substantial emissions of greenhouse gases 
that would result from converting these forests to pas-
tures, croplands, or commercial timber plantations. Lit-
tle attention has been paid to the potential for carbon 
storage and reduction of emissions in the dry forests and 
woodlands [19–21].

Globally, dry forests cover about 42% of all intra-trop-
ical vegetation [22]. Most of the dry forest ecosystems 
found in Africa and the world’s tropical islands account 
for 70–80% of forested areas [23]. Afromontane vegeta-
tion cover more than 50% of the land area of the high-
lands in Ethiopia of which the dry Afromontane forests 
form the largest part [24]. The Wujig Mahgo Waren state 
forest is one of the dry Afromontane forests in Ethiopia 
[25]. The dry Afromontane forests are composed of a 
number of indigenous tree species dominated by an asso-
ciation of Juniperus-Podocarpus or only Podocarpus spe-
cies. The forests also contain broad-leaved species such 

as Dodonaea angustifolia, Carissa spinarum and Sola-
num schimperianum [26, 27].

The dry Afromontane forests provide a range of eco-
system services including provision of diverse habitats 
for fauna and fodder for livestock, watershed protec-
tion including groundwater regulation, flood control, 
soil erosion prevention and control, non-timber forest 
products and climate change mitigation [28–30]. The dry 
Afromontane forests have not been managed sustain-
ably, and have undergone gradual degradation by human 
activities over a period of time [31]. However, the Wujig 
Mahgo Waren forest is one of the remnants of the dry 
Afromontane forests in northern Ethiopia that contin-
ues to provide essential services for the livelihood of the 
people.

Estimation of changes in ecosystem services, especially 
carbon stock, due to changes in forest cover have not 
been of research interest despite its global  importance 
in the face of climate change and REDD+ implementa-
tion. Hence, the study (i) quantified carbon stock in dif-
ferent land cover types; (ii) compared the contribution of 
different carbon pools in different land cover types; (iii) 
estimated the change in carbon stocks due to forest cover 
change for the last 30 years; and (iv) evaluated the func-
tional relationship between soil organic carbon stock and 
aboveground vegetation properties.

Methods
Study area
Wujig Mahgo Waren is located between 12°47′–13°02′ N 
and 39°26′–39°39′E about 128  km south of Mekelle, the 
capital city of the Tigray region in northern Ethiopia (Fig. 1). 
The area has diverse topographic features. A rugged and 
undulating topography with steep slopes characterizes the 
landscape. Its elevation ranges from 1404 to 3924 m above 
sea level. The Wujig Mahgo Waren has a bimodal rain-
fall distribution pattern. The short and main rainy seasons 
occur from March to May and July to September, respec-
tively. The area receives an annual rainfall of 833 mm [32]. 
The mean annual and monthly temperatures range between 
8 and 25 °C. The dominant soil types are Vertisols, Cambi-
sols, Fluvisols, Regosols, and Leptosols [32].

The study area covers 17,000  ha. The communities 
within the study area are engaged in agriculture; the 
mixed farming system involving crop cultivation and 
livestock rearing are common. Apart from cultivated 
lands, the landscape comprises forests, shrub lands, set-
tlements, grassland and bare lands (Table  1). The forest 
belongs to the tropical dry Afromontane forest type [33]. 
It is composed of indigenous and exotic species, mainly 
Juniperus procera Hochst. Ex Endl, Olea europaea ssp. 
africana Mill, Podocarpus falcatus (Thunb.) Mirb, Dodo-
nea angustifolia L.F., Combretum molle R.Br. ex G.Don, 
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Cadia purpurea (G. Piccioli) Aiton, Opuntia ficus-indica 
(L.) Mill, Acacia abyssinica [Hochst. ex] Benth, Eucalyp-
tus globulus Labill and Eucalyptus camaldulensis Dehnh.

Vegetation, litter and soil sampling
The vegetation, litter and soil samples of the forest 
were quantified using a systematic sampling design. 
Ten parallel line transects with 1 km distance were laid 
throughout the forest. Randomly selected 20 m × 20 m 

sample plots (main plots) were demarcated for trees 
and shrub assessment, and five 1  m × 1  m subplots 
within the main plot designated for litter and soil sam-
pling. There were 88 sample plots set at 400 m intervals 
along transects.

The number of main plots were determined using 
Pearson et al. [36] equation;

n =

(
∑n

i=1 Ni ∗ Si
)2

N2
∗E2

t2
+

(
∑n

i=1 Ni ∗ Si2
)

Fig. 1 Location map of Wujig Mahgo Waren forest (a), Tigray region (b) and Ethiopia (c)

Table 1 Description of land cover classes used for analysis of change between 1985, 2000 and 2016

Land cover type Description

Dense forest All lands with tree cover of canopy density over 40% [34]

Open forest All lands with tree cover (including mangrove cover) of canopy density between 10 and 40% [34]

Cultivated land Areas of land prepared for growing agricultural crops. This category includes areas currently under crop and land under preparation

Bare land Areas with little or no “green” vegetation present due to erosion, overgrazing and crop cultivation

Grassland Lands covered by herbaceous plants with coverage greater than 5% and land mixed rangeland with the coverage of shrub cano-
pies less than 10% [35]. Among the herbaceous species, Cynodon dactylon and Pennisetum petiolar had greater frequencies in the 
study area
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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 car-
bon stock × 0.1, for 10% precision), t = the sample statis-
tic 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.

All trees and shrubs were identified in the 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 trees and shrubs with DBH ≥ 2 cm were measured 
using measuring tape 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. Litter samples 
were collected from five 1  m × 1  m subplot within the 
main plot. A composite sample of 100 g was placed in a 
plastic bag and taken to the laboratory for litter carbon 
analysis.

Soil samples were collected from five subplots within 
main plot at a depth of 30  cm using a core sampler. 
All samples were placed in paper bags with appropri-
ate labels. A composite sample of 100  g from each plot 

was submitted to analyze bulk density and soil organic 
carbon.

Land cover data
The land cover data were obtained from Solomon et  al. 
[33] (Table 2). The datasets were generated by employing 
supervised classification of Landsat satellite images. They 
included area statistics of five different land cover types 
for the year 1985, 2000 and 2016.

Carbon quantification
Biomass carbon stock assessment
Aboveground biomass (AGB) was estimated using the 
equation of Chave et al. [37] provided below.

where, DBH is diameter at breast height, H is total tree 
height and ρ is wood specific gravity = 0.58  g  cm−3 the 
arithmetic mean for tropical Africa. This equation was 
developed for similar agroecologies that represent the 
study area. Specific allometric equations for aboveground 
biomass were used for species that have allometric equa-
tion (Table 3).

Belowground biomass (BGB) was estimated using the 
regression model given by Cairns et al. [38]:

where, AGB = aboveground biomass density.

AGB (kg) = 0.0673 ∗ (ρDBH2H)0.976

BGB (kg) = exp(−1.0580.8836 ln AGB)

Table 2 Area and proportion of land cover (LC) in Wujig Mahgo Waren forest in 1985, 2000, and 2016

LC types Land cover distribution

1985 2000 2016

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

Dense forest 4469 26 4836 28 4335 25

Open forest 3629 21 4802 28 4337 25

Grassland 1713 10 1074 6 2035 12

Cultivated land 3211 19 3035 18 3902 23

Bare land 3999 24 3272 19 2417 14

Table 3 Allometric equations used for aboveground biomass calculation

Woody species Dependent variable Allometric equation Unit r2 References

Juniperus procera AGB AGB = 1.12 × DBH1.54 kg 0.95 [29]

Acacia abyssinica AGB AGB = 0.55 × DBH1.89 kg 0.97 [29]

Acacia etbaica TDW Ln totWt = 2.11 + 2.19 × LnDSH kg 0.96 [39]

Euclea shimperi TDW Y = 63.07 × DSH1.78 g 0.95 [40]

Otostegia integrifolia TDW Y = 45.80 × DSH2.26 g 0.99 [40]

Other shrub sps. TDW Y = (0.3197 × DSH) + (0.0383 × DSH2.6) kg 0.93 [41]
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The conversion of biomass to carbon stocks was done 
using Pearson et al. [36]. According to this equation, 50% 
of the measured biomass is carbon.

Litter carbon estimation
To estimate litter carbon 100 g of composite fresh weight 
of litter was collected from the five-subplot sample and 
oven dried at 105 °C. Litter biomass was estimated using 
Pearson et al. [36] equation.

where X is total fresh mass of whole sample
Litter carbon stock was estimated as:

Percentage of carbon is the carbon fraction of IPCC 
with a default value of 0.37.

Soil carbon stock assessment
Soil organic carbon (SOC) was calculated using Pearson 
et al. [36].

where,

%Carbon = Carbon concentration (%) determined in the 
laboratory following Walkley and Black [42] method.

Total carbon stock
The total carbon stock  (Ct) was the summation of the 
carbon stock values of the individual carbon pools of the 
land cover type.

where, AGC = above ground carbon stock, BGC = below-
ground carbon stock, LC = litter carbon stock and 
SOC = soil organic carbon.

The carbon stocks for 1985 and 2000 were obtained by 
assuming that individual cover class carbon values did 
not change [43–45].

Carbon mapping
Mapping of carbon stock by exponential semivariogram 
model was done to estimate spatial distribution of carbon 
values [46].

Carbon (kg) = 0.5 ∗ biomass

Dry mass =

[

dry mass of composite sample

fresh mass of composite sample

]

∗ X,

Litter carbon (Mg ha−1
) = dry mass ∗ % carbon

Soil organic carbon = bulk density ∗ depth ∗ % carbon

Bulk density (g cm−3) =
oven dry mass

(

g
)

volume
(

cm3
)

Ct(Mg ha−1
) = AGC+ BGC+ LC+ SOC

Soil texture analysis
Soil texture analysis was performed using the hydrometer 
method.

Statistical analysis
The SAS 9.0 was used to perform one-way analysis of 
variance (ANOVA) to test for mean differences of veg-
etation parameters, carbon stock means across land cov-
ers and carbon pools. Tukey HSD test was performed to 
separate means.

The Minitab computer statistical software was used 
to perform multiple linear regression analyses on soil 
organic carbon stock, biomass carbon stock, average 
tree diameter, and average tree height and tree density. 
The stepwise multiple regression with backward and for-
ward selection techniques was used to select predictor 
variables.

Results
Vegetation characteristics
The total number of trees identified in the forest were 
3290. The trees belong to 29 families. Forty five woody 
species were recognized in all land cover categories on 
all plots (Additional file  1). Cadia purpurea, Dodonaea 
angustifolia, Maytenus arbutifolia, Juniperus procera, 
Calpurnia aurea, Carissa spinarum and Acacia abys-
sinica were the seven dominant species that contributed 
72% of the total species abundance. Cupressus lusitanica, 
Eucalyptus camaldulensis and Eucalyptus globlus are 
exotic species, while the remaining species are native. 
The forest had an overall tree density of 1158 ± 74 stems 
 ha−1 (mean ± SE). The stem density of the dense forest 
(1618.3 ± 93.4  ha−1) was significantly higher than the 
density of the open forest (959.1 ± 64.9 ha−1) and grass-
land (196.9 ± 19.7 ha−1). The average stem diameter dif-
fered across land cover categories, with 7.21 ± 0.51  cm 
being for the dense forest, 5.56 ± 0.47  cm for the open 
forest and 2.96 ± 0.172.8 cm for the grassland (Table 4). 
Average woody plant height of all species was higher 

Table 4 Average (± standard error) woody plant 
dendrometric variables and  average number of  stems 
under different land cover types

Values within a column with same letters are not significantly different (p > 0.05) 
according to Tukey’s HSD test

DBH diameter at breast height, H height

Land cover type DBH (cm) H (m) # of stems  ha−1

Dense forest 7.21 ± 0.51a 4.3 ± 0.44a 1618.3 ± 93.4a

Open forest 5.56 ± 0.47b 3.03 ± 0.21b 959.1 ± 64.9b

Grass land 2.96 ± 0.17c 1.89 ± 0.10b 196.9 ± 19.7c

p value 0.0003 0.001 < 0.0001
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in dense forest (4.3 ± 0.44  m) followed by open forest 
(3.03 ± 0.21 m) and grassland, 1.89 ± 0.10 m (Table 4).

Soil characteristics
The soil physical properties and soil organic carbon 
varied with land use type (Table  5). The dense forest 
recorded higher values for soil organic carbon concen-
tration than the other land-use types. Organic carbon 
ranged between 2.0 and 3.1%, with the highest occurring 
in dense forest, and lowest on bare land. In the dense for-
est, soils were higher in clay content than in the open for-
est, and the mean value for bulk density of the soil varied 
from 1.11 to 1.37 g cm−3: with the highest content in bare 
land and lowest in dense forest.

Carbon stocks
The mean biomass carbon stock was five times higher 
in the dense forest compared to the open forest and 
twenty times higher than that of the grassland (Table 6). 
The above and below ground carbon stock was not sig-
nificantly different between the open forest and grassland 
(Table  6). The carbon concentrations were highly influ-
enced by land use (Table 6).

The carbon content of litter biomass was significantly 
higher under dense forest than grassland (Table  6). The 
mean litter carbon was high in open forest as compared 
to grassland. Soil organic carbon was higher in grassland 

and the lowest mean soil organic carbon was recorded 
in cultivated land (Table 6). The conversion of dense for-
ests to cultivated land resulted in a 25% reduction in soil 
organic carbon stock.

The estimated total carbon stock density was high in 
dense forest and low in cultivated land and bare land 
cover while open forest and grassland sites showed inter-
mediate values. Total ecosystem carbon stock ranged 
from 76.54 ± 7.84 to 181.78 ± 27.06  Mg  ha−1 in the fol-
lowing order: dense forest > grassland > open forest > bare 
land > cultivated land (Table  6 and Fig.  2; Additional 
file 1). The soil contributed the higher carbon stock to the 
total carbon stock of grassland, cultivated land and bare 
land.

Contribution of carbon pools
The relative importance of the different carbon pools 
varied with the land cover classes. Soil organic carbon 
and aboveground carbon stock contributed more to the 
overall carbon stocks across the land uses (Table 7). For 
example, soil carbon accounted for 100% of total car-
bon stocks for agriculture and bare land (Table  7). In 
this study, all data demonstrate that carbon stored in the 
soil pool was higher than the carbon stored in the bio-
mass. In the dense forest, 56.3% and 36.2% of the total 
carbon stock was stored in soil and aboveground bio-
mass, respectively. The remaining carbon was stored in 

Table 5 Average (± standard error) soil properties (0–30  cm) of  different land uses in  the  Wujig Mahgo Waren forest 
of Ethiopia

Values within a column with same letters are not significantly different (p > 0.05) according to Tukey’s HSD test

OC soil organic carbon, BD bulk density

Land uses Particle size distribution OC (%) BD (g cm−3)

Sand (%) Silt (%) Clay (%)

Dense forest 33.1 ± 3.3ab 34.5 ± 2.9a 32.3 ± 2.3a 3.1 ± 0.17a 1.11 ± 0.05a

Open forest 27.2 ± 2.6ab 43.8 ± 2.2a 28.0 ± 1.6a 2.7 ± 0.16a 1.17 ± 0.04a

Grassland 29.2 ± 8.1ab 42.5 ± 7.1a 28.3 ± 2.6a 2.8 ± 0.27a 1.28 ± 0.07a

Cultivated land 19.7 ± 3.6b 48.4 ± 4.4a 31.8 ± 3.2a 2.2 ± 0.33a 1.31 ± 0.04a

Bare land 50.2 ± 11.1a 27.8 ± 8.0a 22.0 ± 6.0a 2.0 ± 0.25a 1.37 ± 0.05a

p-value 0.023 0.02 0.23 0.06 0.035

Table 6 Estimated carbon stocks (Mg ha−1) across the land cover types

Values within a row with same letters are not significantly different (p > 0.05) according to Tukey’s HSD test

agb above ground biomass, bgb belowground biomass, Lb litter biomass, SOC soil organic carbon

C contents of Dense forest Open forest Grassland Cultivated land Bareland p-value

agb 65.81 ± 18.50a 12.67 ± 2.22b 3.43 ± 0.33b – – < 0.001

bgb 11.38 ± 2.61a 2.92 ± 0.41b 1.02 ± 0.08b – – < 0.0002

Lb 2.25 ± 0.27a 1.68 ± 0.20ab 1.17 ± 0.09b – – < 0.0048

SOC 102.33 ± 13.2a 87.55 ± 12.73a 103.13 ± 6.75a 76.54 ± 7.84a 83.13 ± 8.53a < 0.271

Total 181.78 ± 27.1a 104.83 ± 12.35b 108.77 ± 6.77b 76.54 ± 7.84b 83.11 ± 8.53b < 0.0001
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belowground biomass and litter. Similarly, in the open 
forest, significantly higher carbon stock was stored in soil 
(83.5%) followed by aboveground carbon (12%), below-
ground carbon (2.8%) and litter carbon (1.1%). Carbon 
stocks of litter were not significant compared to those 
in biomass and soil. In the grassland, a large proportion 
(> 90%) of total ecosystem carbon was stored in the soil 
(Table 7).

Effect of land cover change on carbon stocks
In the first study period (1985–2000), carbon stock 
slightly increased (Fig. 3). However, in the second study 
period (2000–2016), a decrease in carbon stock was 

Fig. 2 Spatial distribution of total carbon stock (Mg ha−1) in the study area in 2016

Table 7 Carbon stocks (Mg ha−1) in different carbon pools in Wujig Mahgo Waren forest

Values within a row with same letters are not significantly different (p > 0.05) according to Tukey’s HSD test

agC above ground carbon, bgC belowground carbon, LC litter carbon, SOC soil organic carbon

Land uses agC bgC SOC Lc p-value

Dense forest 65.81 ± 18.50a 11.38 ± 2.61b 102.33 ± 13.19a 2.25 ± 0.27b < 0.0001

Open forest 12.67 ± 2.22b 2.92 ± 0.41b 87.55 ± 12.73a 1.68 ± 0.20b < 0.0001

Grassland 3.43 ± 0.33b 1.02 ± 0.08b 103.13 ± 6.75a 1.17 ± 0.09b < 0.0001
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Fig. 3 Estimated carbon stock for each land cover type of the 
different reference years of the study area
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observed. There was a net increase in carbon stock 
throughout the entire study period studied.

The total carbon stock in 2000 was higher than in 1985 
and 2016. In 1985, 2000 and 2016, the carbon stock found 
in Wujig Mahgo Waren was 1951 Gg carbon, 1999.81 Gg 
carbon and 1955.63 Gg carbon, respectively (Table 8). In 
the dense forest, total carbon stock was higher in 2000 
followed by 1985 and 2016, respectively. Similarly, in the 
open forest, the highest carbon stock was recorded in 
2000 followed by 2016 and 1985, respectively. However, 
in the grassland, the highest carbon stock was recorded 
in 2016. Similarly, in cultivated land, the highest carbon 
stock was recorded in 2016. In the bare land carbon stock 
was highest in 1985.

Relationship between soil organic carbon (SOC) stock 
and aboveground vegetation properties
Correlations between SOC stock and vegetation parameters
Table 9 presents the Pearson correlation values between 
vegetation parameters and soil organic carbon stock. 
The highest statistically significant correlations were 
found between DBH and SOC (Pearson correlation 0.63, 
p < 0.01), followed by H and SOC (Pearson correlation 
0.5, p < 0.05). The lowest correlation was found between 
tree density and DBH (Pearson correlation − 0.042, 
p > 0.05).

Regression models of soil organic carbon stock
Links between soil organic carbon stock and above-
ground vegetation properties remained significant 

(Table 10), indicating that vegetation properties do seem 
to be general predictors of soil organic carbon stock. The 
multiple regression analysis indicated that the best-fit 
model, based on the Akaike Information Criteria (AIC) 
predicts soil organic carbon as a function of tree density, 
DBH and height (Table  10). The results of the analysis 
also indicated that DBH is the most significant predictor 
of SOC (p = 0.00332).

The observed mean soil organic carbon was 95 ± 9.0 
whereas the predicted soil organic carbon was 90.5 ± 7.2. 
The observed and predicted soil organic carbons were 
similar (Fig. 4; Additional file 1).

Table 8 Total carbon stock (Gg) for Wujig Mahgo Waren forest in the year 1985, 2000 and 2016

Land cover types Carbon stocks (Gg) Carbon stock changes (Gg)

1985 2000 2016 1985–2000 2000–2016 1985–2016

Dense forest 812.32 879.15 787.95 66.83 − 91.2 − 24.37

Open forest 380.42 503.44 454.09 123.02 − 49.35 73.67

Grassland 180.20 112.97 214.10 − 67.23 101.13 33.9

Cultivated land 245.74 232.29 298.62 − 13.45 66.33 52.88

Bare land 332.32 271.96 200.87 − 60.36 − 71.09 − 131.45

Total 1951.00 1999.81 1955.63 48.81 − 44.18 4.63

Table 9 Pearson correlation coefficient values of  soil 
organic carbon, DBH, height and tree density

*p < 0.05; **p < 0.01

SOC DBH H Tree density

SOC 1.00

DBH 0.627** 1.00

H 0.502* 0.107 1.00

Tree density 0.437 − 0.042 0.457 1.00

Table 10 Regression model of  soil organic carbon stock 
in Wujig Mahgo Waren forest

Dependent 
variable

Term Coefficient Adj.  R2 p AIC

SOC Intercept − 11.6 0.59 0.003 104.04

Tree density 0.01

DBH 7.22

Height 3.96
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Discussion
Effects of land cover change on carbon stock
The study showed how carbon stocks in vegetation, lit-
ter and soils were varied across land cover types and dif-
ferent periods. Dense forests had higher biomass carbon 
stock compared to open forests and that of the grassland. 
Rajput et  al. [47] and Solomon et  al. [29] found higher 
biomass carbon in forest ecosystems as compared to 
other land cover types in northwestern Himalaya and 
northern Ethiopia, respectively. The substantial varia-
tion in biomass carbon across the land cover types might 
be due to the variation in the number of stems, density 
and the size of the trees in each land cover type. This is 
in line with the result of Solomon et al. [29] which stated 
that tree density and diameter have an effect on biomass 
carbon in northern Ethiopia. Moreover, the low biomass 
carbon recorded in grasslands was caused by overgrazing 
practices and human intrusion that influenced the recov-
ery and growth of herbaceous plant species and adversely 
smothers tree and shrub growth [33]. This assertion is 
supported by the study conducted by Mekuria and Yami 
[48] who suggested that free grazing affects vegetation 
composition and growth of herbaceous plant species in 
the drylands of northern Ethiopia.

The biomass carbon estimates of the dense forests were 
within the global range, from 20 to 150 Mg ha−1 for semi-
arid tropics as reported by Tiessen et al. [49]. The results 
were also within the range of tropical dry forests’ carbon 
stock [50] which was between 50 and 350  t ha−1. How-
ever, the average biomass carbon stock of Wujig Mahgo 
Waren forest was lower than the Egdu forest [51] which 
was 337  t  ha−1 found in similar agroecology. The bio-
mass carbon stock of the present study was fairly small 
compared to the biomass carbon stocks in the moist Bale 
forest in Ethiopia [52]. On the other hand, the biomass 
carbon stock in the current study was fairly higher com-
pared to Solomon et al. [29] who reported 58.11 Mg ha−1 
in the managed forest of Tigray, northern Ethiopia. As 
compared to the present study, Chinasho et al. [53] found 
lower carbon stock with 45.23 t ha−1 in woody plants of 
Humbo forest, southern Ethiopia. The variability in bio-
physical characteristics such as climate, soil and vegeta-
tion type might contribute to the difference in biomass 
carbon stock across the different forests.

The carbon content of litter biomass was significantly 
higher under dense forests than grasslands. The differ-
ence in litter carbon among the land cover types might 
be due to the variations in vegetation cover. This was 
confirmed by the study of Descheemaeker et al. [54] who 
stated that litter accumulation rely upon vegetation cover 
and is affected by soil fertility in exclosures of the Tigray 
highlands, Ethiopia. The estimated litter carbon of the 
present study is in accordance with findings reported 

by Ordóñez et  al. [55], who found between 0.6 and 
4.1  Mg  ha−1 of litter carbon in montane forests of cen-
tral and southern Mexico. However, the estimated value 
of litter carbon in the present study was higher than that 
reported by Aman [56] who found 1.38 t ha−1 litter car-
bon in dry evergreen montane forests of the Bale moun-
tain national park, Ethiopia. Conversely, compared to the 
litter carbon stocks of Chilimo forest (9.36 Mg ha−1) per 
Tesfaye et  al.’s [57] observation, the current result was 
very low.

There was higher soil organic carbon stock in grass-
land and dense forest as compared to open forest, bare 
land and cultivated land. The differences recorded in soil 
organic carbon between land cover types were not sig-
nificant. In agreement with the present study, Haghdoost 
et  al. [58] showed that no significant difference existed 
in the average total soil carbon stock among land cover 
types in Noor county, Iran, though higher soil carbon 
was found in forests as compared to cultivated lands. 
Ordóñez et  al. [55] also found no significant difference 
in average total soil carbon in the central highlands of 
Michoacan, Mexico. The higher mean soil organic car-
bon stock in grassland compared with the other land 
uses could be due to higher annual turnover of organic 
matter from dying grassroots. This notion was supported 
by the report of Guo and Gifford [59], who stated that 
grassroots decompose faster than tree roots and hence 
contribute higher organic matter to soils. The higher soil 
organic carbon stock recorded in the dense forest was 
mainly because of the biomass inputs and low rate of 
litter decay. Tesfaye et al. [57] also found a higher mean 
carbon stock in natural forest than in all the other land 
cover categories in Chilimo, a dry Afromontane forest in 
Ethiopia. The lower soil organic carbon recorded in the 
cultivated land might be due to the low input of organic 
matter being returned to the soil and high rates of oxida-
tion of soil organic matter by tillage [60].

The high carbon content of the soils in the different 
land cover types was consistent with a previous study by 
Lemenih and Itanna [61] who studied soil carbon stock 
for the upper 60  cm depth of soil in southern Ethiopia. 
The result of this study were also within the ranges of val-
ues for tropical soils of 86 Mg carbon  ha−1 [62], 113 Mg 
carbon  ha−1 [63] and 72.8–116.4 Mg carbon  ha−1 of mon-
tane forests of Central Highlands of Michoacan, Mexico 
[55]. Contrary to the results of this current study, Feyissa 
et al. [51] found higher soil organic carbon in Egdu Forest, 
Ethiopia. On the other hand, higher soil organic carbon 
stock was recorded under the present study as compared 
to the results reported by Girmay and Singh [64] for 
Maileba and Gum Selassa sites of northern Ethiopia.

Land cover change can change soil carbon stock. 
The results indicated that alteration of dense forests 
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to cultivated land brought about 25% reductions in soil 
organic carbon stock. Girmay et  al. [65] who reviewed 
carbon stock in top soils (0–10  cm) of Ethiopia, found 
that conversion of native forest into croplands and plan-
tations reduced carbon stock by up to 63% and 83%, 
respectively.

Generally, dense forest had higher total carbon stock 
followed by open forest, grassland, cultivated land and 
bare land in this study. The average total carbon stock 
of the dense forest was 181.8 Mg ha−1, which was higher 
than that reported by Mekuria [66] for exclosures on 
communal grazing lands in Ethiopia. Similarly, the results 
were slightly higher than that reported by Andriamanan-
jara et  al. [13] for the Malagasy rainforest in eastern 
Madagascar. The carbon stock in the present study was 
lower than the carbon stock for Northwestern Himalaya 
[47], for Egdu forest [51], for montane forests of central 
and southern Mexico [55] and for low land area of Simien 
mountains national park [67]. The variations in total car-
bon stock among the different studies might be due to 
variation in forest composition, soil and other biophysi-
cal factors.

In this study, the four carbon pools contributed dif-
ferently to the five land cover classes. Higher levels of 
carbon were stored in the soil pool rather than the veg-
etation biomass and litter carbon of all land cover types. 
Most of the carbon stocks in grassland, cultivated land 
and bare land were mainly found in the soil. For exam-
ple, in grassland, a large percentage (> 90%) of the total 
carbon was stored in the soil. This was in accordance 
with the investigation of Chen et al. [68], where the total 
carbon stock of the savanna was 204 ± 53 Mg ha−1, with 
84% below ground and 16% above ground carbon stock. 
According to Scurlock and Hall [69], soil carbon can 
store over 75% of the global carbon found in terrestrial 
ecosystems. Mekuria [66] also found higher carbon stock 
in soil than other carbon pools for exclosures on commu-
nal grazing lands in Ethiopia. However, contrary to the 
findings of this present study, Girardin et al. [70] and Lü 
et al. [7] found higher carbon stored in biomass followed 
by soil and litter in tropical forests.

In the present study, the change in carbon stock 
caused by change in land cover type was assessed using 
the area of each land cover type and their correspond-
ing carbon stock values. The study revealed an increase 
in carbon stock between 1985 and 2000 and a decrease 
between 2000 and 2016. The change in forest manage-
ment approach and strategies contributed to the changes 
of the carbon stock overtime. In 1991, there was a change 
in natural resource management approach from state for-
est management to participatory forest management that 
included intensive soil and water conservation, exclosure 
establishment and community participation which gave 

the forest a recovery time for which some improvements 
in carbon stock have been observed between 1985 and 
2000 [33]. Forest expansion and growth increase car-
bon stock. This was confirmed by a study of Fang et  al. 
[71] who stated carbon storage increased significantly 
after the late 1970s from 4.38 to 4.75  Pg of carbon by 
1998, mainly due to forest expansion and regrowth in 
China. Silver et  al. [72] also indicated that reforestation 
of abandoned tropical agricultural and pasturelands has 
the potential to serve as a carbon offset mechanism both 
above and belowground for at least 40–80 years, and pos-
sibly much longer.

However, between 2000 and 2016 a reduction in total 
carbon stock was recorded due to loss of forest cover 
caused by encroachment of communities on lands to get 
wood for fuel, construction materials, more arable land 
and animal feed. Forestland is a collection of native tree 
species that has been in existence for quite a long time 
with many understory vegetation. However, grassland 
is mainly composed of shrub species with low biomass 
and total carbon stock as compared to the forest. Con-
sequently, the change from forest to grassland and culti-
vated land significantly affects total carbon stocks. Our 
study illustrated that total carbon stock was affected by 
the land cover change in Wujig Mahgo Waren forest.

In agreement with the present study, previous stud-
ies have shown that land cover change is a key factor in 
carbon stock changes. For example, Shrestha et  al. [73] 
observed a net gain in carbon stock in the larger parts 
of the mountain watershed in Nepal from 1976 to 1989, 
while a net loss was recorded in the period between 1989 
and 2003. Kashaigili and Majaliwa [16] also realized a 
reduction in carbon stock from the year 1980 to 2010 in 
two forests of Tanzania due to forest cover change. Simi-
larly, Gond et al. [74] also reported a 30% loss in carbon 
stock from 1984 to 2012 in wood-fuel supply basin of 
Kinshasa. Furthermore, Gaston et  al. [44] showcased a 
loss in above ground carbon stock by 6.6 Pg due to forest 
degradation in tropical Africa between 1980 and 1990. 
In the same period [44], recorded 30  Tg loss of above 
ground carbon due to deforestation and degradation in 
Ethiopia. A study by Zhang et  al. [75] in China showed 
that carbon stock reduced by 60  Tg between 1995 and 
2010 due to land cover change.

Linkage between soil organic carbon stock 
and above ground vegetation properties
Various studies have shown that vegetation variability 
determines topsoil carbon variability in the Savanna and 
woodland ecosystems [76–78]. In the present study, soil 
organic carbon and above ground vegetation proper-
ties had a positive link, showing that vegetation param-
eters do appear to be predictors of soil organic carbon 
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stock. Moreover, above ground vegetation parameters 
such as tree density, DBH and height explained 59% of 
the variance in soil organic carbon. In a similar study by 
Li et  al. [79] above ground vegetation parameters such 
as tree height, above ground biomass and tree density 
elucidated 80% of the variance in soil organic carbon in 
cold-temperate mountainous forests of Japan. Dar and 
Sundarapandian [80] also indicated that above ground 
vegetation properties are common predictors to estimate 
soil organic carbon stock in complex mountainous for-
ests across different spatial scales. Furthermore, Woollen 
et  al. [81] found the strongest correlation between soil 
carbon and large tree above ground carbon stocks with 
24% of soil carbon variability explained by above ground 
carbon stock. A study by Kurgat et al. [82] showed that 
vegetation cover explained 89% of the variability in soil 
organic carbon in the rangelands of northern Kenya. 
Similarly, a study by Liu et al. [83] in the Qinghai–Tibetan 
Plateau China showed a significant correlation between 
above ground biomass and soil organic carbon. Contrary 
to this present study, Zhang et  al. [84] found that plant 
biomass, woody plant density and tree height did not 
emerge as significant predictor variables for soil organic 
carbon in the subalpine coniferous forest in Southwest 
China. Mathew et al. [85] also found a poor correlation 
between soil organic carbon stock and above ground car-
bon in Mount Kilimanjaro, Tanzania. The inconsistency 
between these studies shows that environmental factors 
affecting the distributions of vegetation and soil carbon 
stocks are site-specific.

Findings from this study show that vegetation param-
eters can be valuable when predicting soil organic car-
bon stock in the dry Afromontane forests. This is vital for 
estimating soil carbon stock, particularly in inaccessible 
landscapes, as above ground vegetation properties are 
moderately simple to assess and can be quickly surveyed 
through remote sensing methods.

Conclusions
The present study discussed the variation in carbon stock 
when forest cover changes. There was high variability in 
total carbon stocks among land cover types with high 
carbon stocks observed in dense forest and low carbon 
stocks in cultivated land and bare land. Open forest and 
grassland sites showed intermediate carbon stock values. 
However, soil organic carbon did not show significant 
differences among land cover types. Significantly highest 
carbon stock was observed in soil carbon pools as com-
pared to the carbon in biomass and litter carbon pools 
in all land use and land cover types. Land cover change 
has an impact on carbon stock, with carbon stock slightly 
increasing between 1985 and 2000, and decreasing 
from 2000 to 2016. Furthermore, there was a significant 

correlation between aboveground vegetation properties 
and soil organic carbon. The aboveground vegetation 
properties could be useful in the estimation of the soil 
organic carbon stock in the dry Afromontane forests. 
Our study indicates that, dry Afromontane forests have 
the potential to store large amounts of carbon in its bio-
mass and soil. Therefore, management opportunities for 
increasing biomass can be beneficial for climate mitiga-
tion. Furthermore, in this study we tried to analyze the 
effect of land cover change on carbon stock, however fur-
ther studies should be conducted on the effect of other 
biophysical factors on carbon stock.
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