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Abstract
Area exclosure is a widely practiced intervention of restoring degraded lands though its impact in sequestering terrestrial 
and soil carbon is scanty. The study was initiated to investigate the effect of exclosure of different ages on carbon 
sequestration potential of restoring degraded dryland ecosystems in eastern Tigray, northern Ethiopia. Twelve plots 
each divided into three layers were randomly selected from 5, 10 and 15 years old exclosures and paired adjacent 
open grazing land. Tree and shrub biomasses were determined using destructive sampling while herb layer biomass 
was determined using total harvest. The average total biomass obtained were 13.6, 24.8, 27.1, and 55.5 Mg ha-1 for 
open grazing, 5 years, 10 years, and 15 years exclosures respectively. The carbon content of plant species ranged between 
48 to 53 percent of a dry biomass. The total carbon stored in the 5 years, 10 years and 15 years age exclosures were 
39 Mg C ha-1, 46.3 Mg C ha-1, and 64.6 Mg C ha-1 respectively while in the open grazing land the value was 24.7 
Mg C ha-1. Carbon stock is age dependent and increases with age. The difference in total carbon content between 
exclosures and open grazing land varied between 14.3-40 Mg C ha-1. Although it is difficult to extrapolate this result 
for a longer future, the average annual carbon being sequestered in the oldest exclosure was about 2.7 Mg C ha-1

yr-1. In view of improving degraded area and sequestering carbon, area exclosures are promising options.
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Introduction

Ethiopian population relies heavily on wood and biomass 
fuel for household energy (Badege and Abdu 2003). 
Scarcity of firewood has become acute in many parts of the 
country causing a continuous rise in prices, and thus in-
creasing the economic burden on the household budget. 
This forced the people to clear forest for domestic use. Also 

animal dung and crop residues are increasingly being used 
for household fuel rather than being added to the soil to im-
prove soil fertility. Associated with the environmental 
changes that resulted from deforestation and poor land 
management, there has been loss of carbon to the atmos-
phere which contributed to the climate change (Itana et al. 
2011). Soils of the world are potentially sources and sinks 
for atmospheric carbon depending on the management of 
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ecosystem in place. The concentration of carbon in the at-
mosphere can be reduced by improving land management. 
Increasing vegetation cover, introducing minimum/zero 
tillage, applying crop residue are some of the land manage-
ment options to enhance terrestrial carbon sequestration 
(Girmay et al. 2008). Altering land management to increase 
terrestrial carbon sequestration will often result in addi-
tional environmental benefits. However, the type and loca-
tion of land management activity undertaken can determine 
to what extent, additional environmental benefits are 
realized. Upon good soil management and keeping under a 
natural forest cover, terrestrial ecosystem could serve as a 
carbon sink. Sequestering carbon in soils and trees is likely 
to be an essential element of any mitigation scenario that 
achieve safe climate stabilization, making land restoration 
works such as exclosures in Ethiopia. The increase in forest 
resources through protecting the existing forests and bring-
ing back the degraded forest lands is a recommended strat-
egy for mitigating climate change (Pacala and Socolow 
2004). To see the role of forests for mitigating climate 
change estimating and monitoring carbon stocks is a neces-
sary first step (Gibbs et al. 2007). Quantifying biomass 
stocks in mature and regenerating forests is important for 
constructing carbon budgets and for designing local policy 
and management tools designed to sequester and store 
carbon.

In Ethiopia, throughout the country, various measures 
aimed at the conservation of natural resources have been 
undertaken since 1970s. The focus was mainly on im-
plementations of physical soil conservation measures and 
plantation. The results, however, have been insufficient and 
didn’t address conserving the natural resources base and 
improving livelihood. As a result, recently, there has been a 
growing interest to introduce new land management em-
ploying area exclosure to address land degradation and bio-
diversity lose over much of the degraded lands mainly in 
northern Ethiopia. Exclosure allows degraded lands to rest 
for several years and this encourages the regeneration of 
natural vegetation (Bendz 1986). The main objective of 
such exclosures is to allow native vegetation to regenerate as 
a way to reduce soil erosion, increase rain water infiltration, 
and provide fodder and woody biomass (Aerts et al. 2007). 
Exclosures aim to contribute to the overall objectives of en-
vironmental rehabilitation and poverty reduction. Exclosures 

refer to formerly degraded communal grazing lands that 
are protected from human and animal interference, to pro-
mote natural regeneration of plants and reduce land degra-
dation (Mekuria et al. 2009), and increase the biodiversity 
of indigenous species. Exclosures have been reported to be 
effective in restoring native plants (Mengistu et al. 2005; 
Aerts et al. 2007), improving soil attributes (Mekuria and 
Aynekulu 2013), and reducing soil erosion (Descheemaeker 
et al. 2006a, 2006b). 

As a result, establishing area exclosures has emerged as 
one of the mechanisms to restore degraded ecosystem in the 
central and northern highlands of Ethiopia (Mengistu et al. 
2005). Area exclosures are expected to be carbon sinks 
through increasing plant and soil biomass. Exclosures sig-
nificantly enhance ecosystem carbon stocks and this in-
crease with age of exclosure (Mekuria et al. 2011). Though 
there are case studies indicating that exclosures enhance 
carbon stocks, more studies are required to predict the ex-
pected ecosystem carbon sequestration under exclosure. 
There has been extensive studies on the vegetation re-
generation role of exclosures (Tekele 2001; Mengistu et al. 
2005; Yami et al. 2006; Wassie et al. 2009; Yayneshet et al. 
2009). Restoration impact of exclosures (Asefa et al. 2003; 
Abebe et al. 2006; Bongers et al. 2006; Descheemaeker et 
al. 2006b), provide economic benefits (Tilahun et al. 2007; 
Mekuria et al. 2011). However, all of these studies have 
been conducted in two-three villages that cannot adequately 
represent the diversity in soil, slope, exclosure management, 
climate, and topography in the Ethiopian highlands. In ad-
dition, the changes in aboveground biomass and carbon 
and biodiversity following the establishment of exclosures 
have not been inventoried systematically at a watershed or 
landscape level. Moreover the study on carbon sequestra-
tion potential of area exclosures is limited. Therefore the 
objectives of this study were to investigate the impact of 
area exclosure of different ages on plant biomass and carbon 
sequestration potential using exclosures as a land re-
habilitation model in the degraded dryland of Northern 
Ethiopia. We hypothesized that exclosures can be effective 
in sequestering carbon and the rate of sequestration in-
creases with an increase in age of exclosure. 
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Fig. 1. Location of the study area.

Materials and Methods

Study area

The study area is conducted in Tigray region located at 
12o15′ to 14o50′ latitude, and 36o27′ to 39o59′ longitude 
(Fig. 1). The study area is a region with long history of ag-
riculture, and located in the northernmost part of the 
country. Most of the region is arid or semi-arid. Due to its 
varied topographic features, the region has diverse and dis-
tinctive agro ecological zones that make it a center of 
diversity. The vegetation of the region is also diverse, and 
ranges from Afro alpine to desert. However, the biological 
resources of the region have been seriously depleted as a re-
sult of anthropogenic factors. Land degradation is a notable 
phenomenon in the region. Some of the natural forest rem-
nants indicate that the northern highlands were once cov-
ered with high canopy forest. The main forest relics of the 
region are found in protected areas near churches and in in-
accessible areas such as river gorges, and they are highly 
fragmented (Aerts et al. 2007). Approximately 37% of the 
land in the region is agricultural land, followed by shrub 
land (27%), forest/dense shrub land (19%), bare land 
(10%), mixed Boswellia and other trees (3.5%), grassland 
(1.8%), Boswellia woodland (1.3%) and approximately 
0.08% is covered by bodies of water (Debesaye Agricultural 
Development and Processing Technology Consultancy Plc 
2014). The vegetation of the region’s highlands is primarily 
Afromontane forests (White 1983). The dominant species 
among the natural forest remnants are Olea europaea ssp. 
Cuspidata and Juniperus procera, while Acacia etbaica, Euclea 
schimperi, and Dodonea viscosa are commonly found in de-

graded forests and exclosures. Boswellia-Commiphora wood-
lands cover most of the western lowlands.

Experimental design

A space-for-time substitution approach was used to 
monitor changes in biomass, carbon stock and CO2 stored 
after conversion of open grazing lands to area exclosures. 
Three area exclosures having age of 5, 10 and 15 years lo-
cated adjacent to each other were purposely selected. The 
implicit assumption of this approach is that grazing land 
and area exclosures with different age had comparable ini-
tial conditions such that changes in biomass, carbon stocks, 
and carbon dioxide are a consequence of the land use 
change (i.e. area exclosure establishment). 

The criterion for study site selection includes age of area 
exclosures and the management practice. These aspects 
bring difference in the rate of forest regeneration and con-
sequently benefits obtained out of it. Furthermore, they in-
fluence carbon sequestration. Hence, age is the factor and 
other physical parameters (slope, soil, geological formation, 
topography, drainage, and amount of rainfall) and type of 
management system are assumed to be similar for selected 
study sites. Consequently three area exclosures which are 
having the same biophysical and management systems but 
closed at different years have been purposely identified for 
this study. Accordingly, young area exclosure with 5 year 
old or less, medium aged exclosure with 10 years old and 
old area exclosure with 15 years old were selected. For com-
parison open grazing /non closed land with the same land-
scape and climatic characteristic with that of the area ex-
closures were included in the study. In each exclosure and 
open grazing land sites, three sampling positions (three 
plots) were randomly chosen and a plot of 10×10 m, 5×5 
m, and 1×1 m size was laid down to study trees, shrubs and 
herbs respectively (Penman 2003). The latter two quadrate 
sizes placed inside the 10×10 m quadrant in a nested 
arrangement. The same plots were used for soil sampling. 
Overall, with four treatments (three area exclosures with 
different ages and one open grazing land for comparison) 
and three replications, a total of twelve samples were taken 
for vegetation and soil samples.

Total biomass estimation

Stratified random sampling was used to select the sites 
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and sampling plots for total biomass estimation. The area 
exclosures were stratified by age and in each selected site a 
replicated sampling plots were identified randomly to col-
lect data on trees, shrubs and herbs. The total biomass was 
estimated as a sum of biomass of individuals in each layer. 
Finally, total biomass for each plot was converted to hectare 
basis. 

Regression model was developed to estimate tree biomass. 
Vegetation inventory was made on 306 individual trees us-
ing tree height (H), crown diameter and diameters at 
stump height (DSH) as parameters to develop the model. 
For trees forking below 1.3 m but above 0.3 m, DSH was 
measured at 0.3 m diameter at stump height (DSH, at 0.3 
m from the ground). The trees were classified into five di-
ameter classes (＜4 cm, 4.1-6 cm, 6.1-8 cm, 8.1-10 cm and 
＞10 cm) based on DSH results to narrow the variation in 
tree biomass resulted from difference in DSH. Two sample 
trees were cut from each diameter class representing every 
site for biomass analysis. All sites did not have same diame-
ter classes, e.g. open grazing land fall only in the first diam-
eter class. Following this, a total of 24 individual trees were 
harvested from the dominant species. Sample disk was tak-
en from the stem, branch and root of individual trees. The 
biomass from fine branches and fine roots was harvested 
with hand sorting. 

All sample disks dried in an oven at 65°C until obtaining 
constant weight. Dry to fresh weight ratio of samples were 
calculated to estimate total tree dry biomass. Wood density 
was calculated using volume estimation for irregular shape 
objects (volume of the object=volume of displaced water). 
Finally the data was regressed to develop a model applicable 
to the area. The model was developed using MINITAB 
software. Biomass estimated by this model was compared 
with results obtained using existing model Ketterings et al. 
(2001). Better estimation was found from our model and 
therefore we used this model for tree biomass estimation. 
Similar procedures were used as that of above ground bio-
mass to estimate below ground tree biomass 

Shrub biomass estimation done by harvesting three in-
dividual shrubs per species randomly from all sites and 
average biomass estimate was taken. For grasses and herbs 
all species in 1 m×1 m plot was harvested, washed and air 
dried, and then oven dried at 65°C until constant weight 
was obtained. The estimated grass and herb biomass was 

corrected by using the basal area (average of 3 m2 ha-1 of 
woody species) (Mekuria et al. 2010) because the grasses 
didn’t cover the entire space. Grass and herb samples of 
each plot were added to estimate grass and herb biomass 
per site and converted to hectare basis. Similar approach 
was used for shrub biomass calculations where roots of 
three individuals per species were harvested from all sites 
and the average estimated biomass was taken. 

Estimation of total biomass and scaling factor

The biomass samples were taken from different layers 
having difference in area or size of plots that need to convert 
to same size. Therefore the plot layers were converted to 
same unit of measurement which is a hectare. To convert in-
to hectare we use scaling factor of 100, 400 and 10,000 for 
tree, shrub and grass and herb layers respectively. Because 
trees, shrubs and herbs were inventoried in 100 m2, 25 m2 
and 1 m2 respectively. Finally all layers had the same unit 
and their biomasses were estimated for each sampling plots 
and study sites. The total biomass was estimated using the 
calculated biomass of tree, shrub and herb layers (equation 
1).

Total biomass=Tree biomass+Shrub biomass+Herb 
and grass biomass ……………………………………………1

Plant biomass carbon determination 

The total carbon fractions in the plant samples were esti-
mated through conversion of dry tree, shrub, grasses and 
herbs biomass to ash in the furnace at 550°C for 8 hours. 
The samples were taken from branches, stems and roots of 
woody vegetation and from above and below ground parts 
of grasses and herbs. The organic carbon content was de-
termined from the biomass using oxidation method calcu-
lated from organic matter (Armecin and Gabon 2008). 
From the same materials used for biomass measurement, 
organic matter and organic carbon contents were estimated 
separately for the stem, branches and roots based on the 
method shown in equation 2.

OM (%)=


× and OC%=
  ………2

Where OM: organic matter, DM: dry mass of the sam-



Halefom et al.

J For Environ Sci 36(1), 25-36     29

Table 1. Measured vegetation variables for tree biomass model de-
velopment

DSH (cm) Tree height (m)
Wood density

(g cm-3)
Total tree dry 
biomass (kg)

2.2 1.4 1.22 5.4
2.4 1.6 0.74 1.1
3.2 2.4 0.83 3.5
2.1 2.1 1.52 3.9
4.1 2.6 0.76 7.4
5.1 3.45 0.8 13.3
3.8 1.73 0.74 3.7
3.1 2.7 1.63 4.8
5.4 2.0 0.81 10.5
7.2 2.4 0.74 28.5
4.2 2.2 0.76 3.8
7.0 3.55 0.63 19.0
9.0 2.53 0.76 23.5
8.1 3.9 0.51 15.1
5.5 2.2 0.77 17.3

10.5 2.8 0.22 43.4
9.0 2.0 0.51 33.6
9.5 2.7 0.33 38.8
7.0 2.1 0.34 13.5

11.0 3.1 0.33 55.2
3.4 1.3 0.56 2.5
4.8 2.25 0.84 13.1
7.1 2.25 0.67 17.4
3.0 1.15 0.69 3.5

ple at 65°C, AM: ash mass of the sample after combustion 
in a furnace at 550°C for 8 hours, OC: organic carbon, and 
1.724: van Bemmelen factor i.e., OM contains 58 % of OC 
(Armecin and Gabon 2008). The estimated organic carbon 
was subsequently used to calculate carbon stock for the 
sampled species. 

Soil sampling and total organic carbon determination

Three pits were dug in each sites and sampling was made 
from 0-30 cm, 30-60 cm and 60-90 cm soil depths for soil 
sampling. Hard rock was found in some of the profiles after 
30 cm and in some profiles after 60 cm as a result all pro-
files did not have the same depth. A total of 25 samples 
were collected for OC, pH and Textural analysis. The col-
lected soil samples were air dried, homogenized and passed 
through a 2 mm sieve before undertaking chemical analysis. 
Similarly undisturbed soil samples were collected from each 
soil depth using core sampler to determine bulk density. 

The soil samples subjected to chemical and physical 
analysis using standard procedures. Texture was analyzed 
using Boycous hydrometer method after the organic matter 
was removed by H2O2 and the soil be dispersed by sodium 
hexametaphosphate. Soil organic carbon determined using 
the Walkley-Black oxidation method. For the determination 
of bulk density the core samples were dried in oven at 
105°C for 24 hours. Weight for the oven dried core sample 
was taken using sensitive balance, and this data along with 
the fresh weight was used to calculate bulk density. Bulk 
density was determined by the core method. Soil Carbon 
stock (Mg C ha-1) for each sampling depths were com-
puted using equation 3.

Carbon stock=d×ρb×OC×CFst×10 ………………3

Where d=soil layer thickness (m); ρb=bulk density (kg 
m-3) of each sample depth, OC=carbon concentration (g 
g-1) of each soil sample, CFst (%)=correction factor for 
fraction of fragments ＞2 mm. Carbon stock of the area ex-
closures with different ages and the adjacent open grazing 
land was calculated by summing C stock contained in each 
depth. Stones and gravel contents were corrected after pass-
ing the soil samples through 2 mm sieve. 

Estimation of total carbon and carbon sequestration 
potential

Total carbon was estimated as the sum of the plant bio-
mass carbon and soil carbon stock calculated from each 
plots of a given site. Plant biomass carbon was determined 
through conversion of dry biomass to ash and this value was 
used to calculate total plant biomass carbon. Soil carbon 
stock calculation was done using equation 3. Carbon se-
questration potential was determined through multiplying 
the total carbon by molar conversion factor of 3.67 (44/12).

Statistical analysis

One-way analysis of variance (ANOVA) was used to test 
the effect of age of area exclosure and open grazing land on 
plant biomass, biomass carbon, soil carbon and total carbon 
stock. The differences in the variables within area ex-
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Table 3. Tree biomass, shrub biomass, grass and herbs biomass and total biomass of area exclosures and grazing land (n=12; Mean±SE)

Variable OG 5 years AC 10 years AC 15 years AC p-value

Tree biomass (Mg ha-1)   8.5 (1.8)c 18.9 (2.7)b 19.3 (1.4)b 42 (2.3)a ＜0.0001
Shrub biomass (Mg ha-1)   4.2 (2)b   3.1 (1.7)b   4.5 (0.2)b   8.1 (1.7)a     0.018
Herbaceous biomass (Mg ha-1)   0.9 (0.2)b   2.7 (0.8)ab   3.4 (0.4)ab   5.4 (1.7)a     0.05
Total biomass (Mg ha-1) 13.6 (3.5)c 24.8 (3.2)b 27.1 (1.8)b 55.5 (3.8)a ＜0.0001

Values with same letters across the row denote no significant difference. 
OG, open grazing land; AC, area exclosure.

Table 2. Tree diameter and tree biomass under different ages of area
exclosures (AC) and open grazing land (OG)

Land use
Tree diameter range 

inventoried (cm)
Estimated total tree 

biomass range (kg/tree)

OG 1.6-4 3.45- 6.18
5 years AC    2-7.5 3.47- 21.35 
10 years AC 2.2-8.8 3.55- 30.37
15years AC    3-12.6 4.28- 67.23

closures, and between age of exclosures and the adjacent 
open grazing land were assessed using treatment mean dif-
ference comparison Tukey HSD (JMP5). When we eval-
uated the models, the residual plots exhibited hetero-
scedasticity (i.e. non-constant residual variance) and hence 
we transformed the data using natural logarithm to account 
the heteroscedasticity problem.

Results and Discussion

Effect of area exclosure on biomass 

Tree biomass
A model was developed based on tree height (H), diam-

eter at stump height (DSH) and wood density (WD), and 
fitting with DSH (Table 1), resulted in a model given in 
equation 4, where the Model determination was (R2=0.91, 
p=0.000).

TDB=0.554DSH 2−2.044DSH+0.441 ……………4

Where; TDB, total single tree dry biomass; DSH, di-
ameter at stump height.

The average tree biomass for 5 years, 10 years and 15 
years old area exclosures were 18.9 Mg ha-1, 19.3 Mg ha-1 

and 42 Mg ha-1 respectively (Table 2). The average tree bi-
omass for the open grazing land was 13.6 Mg ha-1. Tree bi-
omass contributed more to the total biomass in all area ex-
closures as well as in the open grazing land (Table 2). The 
ratio of tree biomass to total biomass contribution ranged 
from 71 to 75.7% in area exclosures and 62.5% in open 
grazing land. Area exclosures showed higher tree biomass 
compared to the open grazing land ranged between 
10.4-33.5 Mg ha-1. Biomass in area exclosures increased 
with age related to an increase in size of trees in exclosures. 
This result was in agreement with Mekuria et al. (2010) 
who found higher biomass in older exclosure than in young 
ones. However, the increase in tree biomass among area ex-
closures is not linear as there is no significant difference be-
tween 5 years old and 10 years old area exclosures. The dif-
ference is boldly shown between 5 years old and 15 years 
old and, between 10 years old and 15 years old area 
exclosures. This reflects those tree biomasses gets sig-
nificantly different and produces better biomass after 15 
years old (Table 3). 

Tree biomass is highly dependent on diameter at stump 
height or diameter at breast height (Table 3). Diameter in-
crease with age of area exclosure and consequently increases 
tree biomass. The variability in tree biomass is resulted 
from the variation in DSH. Tree diameter, number of trees 
or coverage of tree species in a given plot are also determi-
nant factors for tree biomass, total biomass and con-
sequently for total biomass carbon. 

Shrub biomass varies between 3.1-8.1 Mg ha-1, lowest in 
5 years old exclosure and higher in 15 year old exclosure. 
Shrub biomass from open grazing was closer to 10 year old 
exclosure (Table 3). Shrub biomass was significantly higher 
in 15 years old exclosure than grazing land and exclosures 
with 5 and 10 years old. This indicated that shrubs are 
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Table 5. Estimated biomass carbon in area exclosure and the adjacent open grazing land (n=12; Mean±SE)

Variable OG 5 years AC 10 years AC 15years AC p- value

Tree biomass carbon (Mg ha-1) 4.5 (0.9)c 10.2 (1.4)b 10.5 (0.7)b 22.3 (1.2)a ＜0.0001
Shrub biomass carbon (Mg ha-1) 2.2 (1)a 1.8 (1)a 2.07 (0.2)a 4.2 (0.9)a     0.26
Herbaceous biomass carbon (Mg ha-1) 0.5 (0.1)b 1.4 (0.4)ab 1.9 (0.2)ab 2.8 (0.8)a     0.05
Total biomass Carbon (Mg ha-1) 7.2 (1.9)b 13.3 (1.7)b 14.5 (1.1)b 29.3 (2)a ＜0.0001

Values with same letters denotes across the row shows no significant difference. 
OG, open grazing land; AC, area exclosure.

Table 4. Carbon content of studied plant species

Scientific name
Carbon 
content 

(%)

Vegetation 
type

Acacia etbaica Schweinf. 53 Tree
Rhus vulgaris Meikle 53 Shrub
Aloe berhana Tad. 48 Shrub
Carissa edulis (Forssk.) Vahl 52 Shrub
Maytenus senegalensis (Lam.) Exell 52 Shrub
Euclea schimperi (A.D.C) Dandy var. 52 Shrub
Dodonea angustifolia (L.) Jack 50 Shrub
Commiphora africana (A.Rich.) Engl. 50 Tree
Senna singueana. (Del).Lack 50 Shrub
Maytenus arbutiflia (Thunb.) Blakelock 51 Shrub
Shewha (Local name In Tigrigna) 52 Shrub
Grasses and herbs* 52 Understory 

*Carbon content of herb layer biomass (not single species).

dominant during the first few years of establishment of ex-
closures, with time shrubs will be replaced by trees due to 
ecological succession. The substantial increase in vegetation 
biomass within the older area exclosures is a reflection of 
vegetation succession explained by the increase in abun-
dance and biomass of large shrubs and trees. On the oldest 
area exclosure, tree biomass and shrub biomass were sig-
nificantly higher compared to the younger exclosures and 
open grazing. This shows that age has significant influence 
on biomass. 

The herb biomass was similar for all sites except for the 
oldest area exclosure. Significant difference was found be-
tween open grazing land and 15 years old area exclosure. 
Though the number is minimum, there is slightly increase 
in herbaceous species biomass as age increase. This might 
be due to ecological succession or time of harvest (the grass 

and herbs layer biomass was harvested during the peak sea-
son). At peak season all sites produce high biomass as trees 
and shrubs in the study site are not broad leaf and the shad-
ing effect is not high.

Total biomass varies between 13.6-55.5 Mg ha-1 lowers 
in open grazing land and higher in 15 years old exclosure. 
Total biomass found in the 15 years old exclosure was sig-
nificantly higher than younger and open grazing land. On 
the other hand, total biomass found from the open grazing 
land is significantly lower than exclosures of different ages 
(p＜0.0001). The reason could be due to increase in total 
number of tree species and their diameter in the older 
exclosures. Tree biomass contributes and influences more to 
the total biomass because of the size. Herbs also contributes 
significant amount because of their higher coverage. 
However, shrubs only showed significant difference in the 
oldest area exclosure compared to the open grazing and this 
may have less influence on total biomass.

The effect of area exclosure on carbon stock 

Plant biomass carbon
The carbon content of the biomass was in a range of 48 to 

53% of the dry biomass (Table 4). The estimated biomass 
carbon for open grazing land was 7.2 Mg C ha-1 while for 
the 5, 10 and 15 years old area exclosures was 13.3 Mg C 
ha-1, 14.5 Mg C ha-1 and 29.3 Mg C ha-1 respectively 
(Table 5). Biomass carbon was higher in exclosure than 
open grazing land regardless of age of exclosures. The 
higher amount of carbon in all area exclosures indicated 
that area exclosures have a significant positive effect on the 
restoration of ecosystem carbon even in highly degraded 
areas. Carbon on tree biomass was significantly higher on 
the oldest area exclosure compared to the younger and open 
grazing land (p＜0.0001). This is the effect of age on bio-
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Table 6. Soil carbon stock in area exclosures and adjacent open grazing land (n= 12; Mean±SE)

Variable OG 5 years old AC 10 years old AC 15 years old AC p value

Soil carbon (Mg ha-1) 17.5 (8)a 26 (3)a 30.7 (4)a 35.3 (2.8)a 0.1
Total carbon stock (Mg ha-1) 24.7 (6)c 39 (3.6)bc 46.3 (3.6)ab 64.6 (2.3)a 0.001

A value with same letters across the row denotes no significant difference.
OG, open grazing land; AC, area exclosure.

mass that in turn influences biomass carbon. Similar trend 
was observed on the total biomass carbon. The difference 
between area exclosures and adjacent grazing land in bio-
mass carbon across all area exclosure age ranged from 6.1 to 
22.1 Mg C ha-1. 

The difference in biomass carbon between area ex-
closures and the adjacent open grazing land could be ex-
plained by increase in vegetation cover in the area ex-
closures and increase in the size and number of tree species. 
Similarly increase in number of shrub species in area ex-
closure influenced the biomass carbon. Tree biomass car-
bon and grass biomass carbon consistently increased with 
age of area exclosures while there was no significant differ-
ence in biomass carbon of shrubs. The influence of age on 
carbon content was not clearly seen between 5 and 10 years 
area exclosure; and difference is observed when compared 
with 15 years old area exclosures. 

The carbon stock in the area exclosure and open grazing 
land is influenced by plant biomass mainly tree biomass, 
and grass and herb biomass. This is due to higher coverage 
of herbaceous species providing significant amount of car-
bon storage and relatively high biomass of tree species. The 
difference in biomass carbon between area exclosures and 
the adjacent open grazing land could be explained in differ-
ent ways. On one hand increased grazing pressure on open 
grazing land after establishment of area exclosures reduce 
vegetation cover in grazed land. On the other hand, area ex-
closures might have reduced the carbon loss by fuel wood 
consumption because of their protection. Gebreegziabher 
(2007) reported that fuel consumption from exclosure re-
duced after exclosure. 

Ecosystem carbon storage was also influenced by the age 
of area exclosures. Since establishment, the relatively in-
crease of ecosystem carbon storage from 5 years to 15 years 
of area exclosure was slow. This could be due to unfavorable 
biophysical and climatic condition. The area where the ex-

closures were established was on limestone dominated area 
with high alkaline soils. Soils developed from limestone are 
inherently less fertile and higher pH with low nutrient 
availability affecting vegetation growth and carbon nutrient 
building. This could be also possibly a demonstration of 
vegetation succession and of the partial removal of biomass 
through harvesting of grass and herbs (Mekuria et al. 
2010). Shrub and tree species abundance increase with area 
exclosure ages resulting in increase in biomass of trees and 
shrubs (Yayneshet et al. 2009) this in turn influences the bi-
omass carbon.

Soil carbon stock distribution and soil properties
Soil carbon stock observed in 5 years, 10 years and 15 

years old area exclosures were 26 Mg C ha-1, 30.7 Mg C 
ha-1 and 35.3 Mg C ha-1 respectively and in open grazing 
land it was 17.5 Mg C ha-1 (Table 6). Soil carbon stocks 
found in exclosures are higher in the range of 11.6 to 25.1 
Mg C ha-1 than what was found from open grazing land. 
Soil carbon contributed about 69.9 to 73 % of the total car-
bon in area exclosures and 76.5% in the open grazing land. 

In the present study, there was no statistically significant 
difference in soil carbon stock between area exclosures and 
the open grazing land. Although the restoration of natural 
vegetation and subsequent increase in above and below 
ground biomass was observed, this was not translated to in-
creasing in soil carbon stock. Several reasons could be re-
sponsible for this variation. One could be supply of animal 
execrate in the grazing area which could contribute to soil 
carbon content. Addition of soil organic carbon through an-
imal excrements could contribute to achieve comparable 
carbon storage (Franzluebbers et al. 2001). Hence, live-
stock can exert both beneficial and detrimental effect on 
grazing land that can be explained in terms of improving or 
degrading soil carbon depending up on number of livestock 
and grazing intensity (Girmay and Singh 2012). Removal 
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Table 8. Total carbon storage in area exclosures and the adjacent open grazing land (n=12; Mean±SE)

Variable OG 5 years old AC 10 years old AC 15 years old AC p value

Total biomass carbon (Mg ha-1)   7.2 (1.9)b 13.3 (1.7)b 14.5 (1.1)b 29.3 (2)a ＜0.0001
Soil carbon (Mg ha-1) 17.5 (8)a    26 (3)a 30.7 (4)a 35.3 (2.8)a     0.1
Total carbon stock (Mg ha-1) 24.7 (6)c    39 (3.6)bc 46.3 (3.6)ab 64.6 (2.3)a     0.001

A value with same letters in a row denotes no significant difference (p＜0.05).
OG, open grazing land; AC, area exclosure.

Table 7. Soil physical and chemical properties in relation to soil depth

Depth (m) BD (g/m3) OC(g/g) CF(g/g) SOC (%) pH
Texture

Sand% Silt% Clay% TC

0-0.3 1,193 (26)b (0.026)a (0.19)a       (1.8)a (8.1)a 34.5 (2)a 29.6 (2)a 35.8 (2)b Clay loam
0.3-0.6 1,269 (28)ab (0.013)b (0.2)a    1 (0.09)b (8.2)a 26.2 (2)ab 28.4 (2.)a 45.4 (2)a Clay
0.6-0.9 1,373 (51)a (0.006)b (0.25)a 0.6 (0.2)b (8.2)a 24.3 (4)b 28.3 (4)a 47.3 (4)a Clay
p value 0.01 ＜0.0001 0.07 ＜0.0001 0.055 0.01 0.9 0.003

A value with different letters along column denotes significant difference. 
TC, textural class.

of above ground biomass could have also subsequent effect 
on the reducing litter addition to soils (Burke 1999; Girmay 
and Singh 2012). Other factor could be related to mini-
mum litter production and supply into the soil by the area 
exclosures. During the sample collection in the field, we 
have observed that the vegetation composition was domi-
nated with the same type of species although there was var-
iation in density. Broad leaf trees and shrub species were not 
common whereas needle leaf and stress resistant dry land 
species like Acacia etbica are very common species domi-
nantly observe inside area exclosures and the adjacent open 
grazing land. The other reason could be similarity in soil 
quality and plant species. Similar to our result, a study in 
northern Tigray reported that amount of carbon stored in 
forest is influenced by forest type and soil quality (Girmay 
and Singh 2012) and soil organic carbon is tree species de-
pendent (Lemma et al. 2006). 

SOC and bulk density distribution with soil depth 
Soil organic carbon in the area exclosure and open graz-

ing land is determined by soil depth, bulk density (BD), or-
ganic carbon (OC) and course fragment (CF) of the soil. 
The top soil depth (0-0.3 m) showed higher organic carbon 
content than the two depths (0.3-0.6 and 0.6-0.9 m) (Table 

7). The reason is higher OM accumulation in the top soil. 
Consequently OC significantly varied with soil depth (p＜ 
0.0001) where higher was found on top and declines with 
depth. The same result was reported in the study conducted 
in the northern Ethiopia (Girmay and Singh 2012). On 
contrary with this bulk density increase with the soil depth, 
and the reason could be because of decreasing trend in 
OM. Hence, bulk density is inversely related with organic. 
No significant difference was observed in pH and CF with 
depths.

Total carbon 
Total carbon stock in 5, 10 and 15 years exclosures were 

estimated as 39 Mg C ha-1, 46.3 Mg C ha-1 and 64.6 Mg C 
ha-1 respectively. For open grazed land the carbon stock was 
24.7 Mg C ha-1 (Table 8). Open grazed land had statisti-
cally lower total carbon stock than 10 and 15 years 
exclosures. These variations are reflections of differences 
mainly in the above and below ground biomass supply and 
carbon stored in the soil system. Soil carbon contributed 
relatively higher to the total carbon storage of all sites (i.e. 
70.8% for open grazing land and 57 to 67% for area ex-
closures). The aboveground carbon stock of Dire area ran-
gelands in Ethiopia was 29.5 t C ha-1where as the soil car-
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Fig. 2. Estimated total carbon dioxide in the ecosystem in area exclosures 
and the adjacent open grazing land.

bon stock ranges between 326-394 t C ha-1 (Beruer 2012). 
The magnitude of this figure varies with the extent of ran-
geland management practices in Ethiopian and elsewhere 
in the world. Study conducted in selected sites of Borana 
rangeland, Oromia region shows that there is higher C 
stock of above ground biomass in exclosure as compared to 
grazed one (Niles et al. 2010). 

In the 15 years old exclosure site about 2.7 Mg C ha-1 
yr-1 of total carbon was sequestered annually since its 
establishment. This result was comparable with the 1.5 Mg 
C ha-1 yr-1 by Abiy (2008), 3.8 Mg C ha-1 yr-1 by Girmay et 
al. (2009), 3.1 Mg C ha-1 yr-1 in 20 years old area exclosure 
by Mekuria et al. (2010). The slight variation in carbon se-
questration could be as a result of variation in agro-ecology 
where high accumulation of organic matter is often found 
in highlands than mid lands and lowlands due to low tem-
perature and landscape positions (Lal 2008) and soil quality 
(Mekuria et al. 2010). 

Effect of area exclosure on carbon sequestration potential
The amount of total CO2e sequestered in area exclosures 

were 147 CO2e ha-1, 170 CO2e ha-1 and 237 CO2e ha-1 for 
5, 10 and 15 years old area exclosures, and the values are 
higher than what was found in open grazing land (90 CO2e 
ha-1). And the proportion is higher in soils than biomass 
(Fig. 2). The difference in total carbon dioxide sequestra-
tion potential between the two land management systems 
goes as high as 147 Mg CO2e ha-1. These results reflect se-
questration potentials of area exclosures. The sources for 
difference/variation in carbon sequestration potential are 
those that affect carbon storage in the terrestrial system. 
Exclosures are viable options to restores ecosystem carbon 
sequestration and working on them is important to establish 

baseline data for carbon financing projects to benefit from 
carbon finance premium and encourage farmers/pastoralist 
to participate in land management practices (Mekuria et al. 
2010).

Conclusion 

The study showed that the establishment of area ex-
closures in the study area is a viable option to store sig-
nificant amount of carbon. Higher biomass and carbon 
storage was recorded in the oldest area exclosure. Although 
it is difficult to determine the equilibrium state of carbon 
dynamics in area exclosures, this study demonstrated that 
carbon storage increased with increasing age of area ex-
closure and a relatively high carbon storage was found in 15 
years old area exclosure. This implies that the optimum in-
tervention period to gain ecological benefit is in more aged 
exclosures. However, there is a need for further research to 
determine the maximum age where higher benefit could be 
obtained under different landscape and vegetation conditions. 
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