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Abstract

Introduction: Forests form a major component of the carbon (C) reserves in the world’s ecosystems. However, little
is known on how management influences C stocks of woody vegetation, particularly in dry areas. We developed
regression models for two dominant tree species to predict C stocks and quantified the potential of community
managed forests as C sinks.

Methods: Plots were randomly selected from community-managed natural forest, herbivore exclosures, and from
communal grazing land. Tree and shrub biomass were estimated using a regression model on the most dominant
woody species while herbaceous biomass was determined using destructive sampling.

Results: The simplest model, based on only one single predictor variable, showed a good fit to the data for both
species (Juniperus procera and Acacia abyssinica). Diameter at breast height (r2 > 0.95) was a more reliable predictor
than height (r2 > 0.54), crown diameter (r2 > 0.68) (p < 0.001). The C content of the total biomass for the managed
natural forest and the exclosure were estimated as, 58.11 and 22.29 Mg ha−1, respectively, while that for the grazing
land was 7.76 Mg ha−1, and the mean carbon content between the three land uses were significantly different
(p < 0.05).

Conclusions: We conclude that forests managed by the community have a high potential for C sequestration and
storage and their conservation should be promoted.

Keywords: Allometric functions, Regression, Dryland, Livestock pressure, Woody and grassy vegetation, Exclosures

Introduction
Forests form a major component of the carbon (C)
reserves in the world’s ecosystems (Houghton 2007).
Their ecosystem services (ESS) provide income from
woody products, non-timber forest products, and fodder,
and they play a crucial role in enabling sustainable liveli-
hoods. Despite their wide reaching significance, current
deforestation and land degradation are reducing the abil-
ity of forested land to support the delivery of these vital
ESS (Bishaw 2001). In addition, large-scale deforestation
can lead to a reduction in local precipitation and an in-
crease in land surface temperature (Defries et al. 2002).
These changes in land cover trigger a chain of feedback

loops in the climate system as, for instance, vegetation
productivity and soil decomposition respond to changes
in atmospheric CO2 and climate patterns (Brovkin et al.
2004) and, thereby, impact terrestrial C storage.
Biophysical, environmental, and economic indicators

provide strong evidence that natural resources in Ethiopia
are currently severely deteriorating (Bojö and Cassells
1995; Hoben 1995; Nyssen et al. 2004). Particularly
Ethiopia’s deforestation and land degradation entail several
socio-economic and environmental challenges that have
strongly affected the capacity of forests to provide ecosys-
tem services.
Many developing nations have decentralized the full

or partial forest management authority to local commu-
nities in pursuit of sustainable forest management
(Anderson 2000; Bowler et al. 2010). In Ethiopia, sus-
tainable utilization and conservation of forest resources

* Correspondence: solomonnegasi@gmail.com
1Department of Land Resources Management and Environmental Protection,
Mekelle University, P.O. Box 231, Mekelle, Ethiopia
Full list of author information is available at the end of the article

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Solomon et al. Ecological Processes  (2017) 6:20 
DOI 10.1186/s13717-017-0088-2

http://crossmark.crossref.org/dialog/?doi=10.1186/s13717-017-0088-2&domain=pdf
mailto:solomonnegasi@gmail.com
http://creativecommons.org/licenses/by/4.0/


at community level have been considered as important
components of poverty alleviation and a sustainable devel-
opment strategy (Tesfaye 2011). Since its promulgation in
1995, the current Ethiopian constitution provides latitude
for decentralization of power in the forest sector. Further,
youth farming has been promoted and forests are pro-
tected by the local communities and members who use
their own rules and sanctions to manage the community
forests. By promoting agroecological benefits through
regeneration and expansion of forest cover, community
members also make use of the forests for economic
purposes.
In Tigray, northern Ethiopia, land degradation and con-

secutive soil erosion over many centuries (Darbyshire et al.
2003; Fitsum et al. 1999) have resulted in scarce vegetation
cover and productivity (Bishaw 2001; Gebremedhin et al.
2003; Nyssen et al. 2009), which directly impacts liveli-
hoods, particularly those of pastoralists.
Community forestry has, thus, been considered as an ef-

fective strategy to achieve the multiple goals of sustainable
resource management and poverty alleviation (Bray et al.
2009). Research shows that there are a number of key
factors underpinning successful community forest man-
agement (CFM) initiatives. A meta-analysis study encom-
passing 69 cases around the world identified the following
as variables that have a significant influence on the success
of community forestry: tenure security, clear ownership,
congruence between biophysical and socioeconomic
boundaries of the resources, effective enforcement of rules
and regulations, monitoring, sanctioning, strong local
leadership and organization, expectation of benefits, com-
mon interests among community members, and local
authority (Pagdee et al. 2006).
Programs promoting CFM are usually designed to

provide the communities with the forest products they
require for their subsistence (firewood, fodder, etc.)
while maintaining this off-take at sustainable levels to
support natural regeneration processes (Skutsch and
Solis 2011).
There is increasing evidence that CFM enhances carbon

storage; an analysis of 80 forests across 10 countries shows
that community forest management is associated with
high levels of carbon storage (Chhatre and Agrawal 2009).
Further, a study by Mekuria (2013) in exclosures estab-
lished on communal grazing lands in Ethiopia showed that
higher carbon stocks than adjacent grazing lands. In
addition, in Bale Mountains of Ethiopia higher carbon
stock was recorded in moist non-degraded forest than
moist degraded forest and dry degraded forest (Watson
et al. 2013). A study in Handei Village Forest Reserve and
Kitulangalo Forest Area, Tanzania showed that increasing
in forest carbon stock as a result of the management
practices used by the villagers (Zahabu 2006a, 2006b). A
study in Tomboroconto forest, Senegal also showed that

an increase of about 10% in carbon stocks, or more than
7 t carbon dioxide per hectare per year, as a result of
management activities (Ba 2006).
Biomass and carbon stock estimates for tropical dry

forest species improves our comprehension of the sig-
nificance of tropical dry forests in the global carbon
cycle. To successfully implement mitigating policies and
take advantage of the Reducing Emissions from Defor-
estation and Forest Degradation (REDD+) program
(Chaturvedi et al. 2011), developing countries need
genuine estimates of forest carbon stocks. Consequently,
there is an urgent need to quantify tree biomass through
direct or indirect methods (Brown 2002). Direct
methods calculate biomass destructively by harvesting
the tree and measuring the actual mass of each of its
components like the tree trunk, leaves and branches
(Kangas and Maltamo 2006). Though very accurate
(Henry et al. 2011), cutting down trees is both costly
time consuming and it is not feasible for a largescale
analysis (Condit 2008; Ravindranath and Ostwald 2008;
Supriya Devi and Yadava 2009). Indirect methods using
allometric relationship to estimate tree biomass are time
efficient and less expensive as compare to destructive
method (Vashum and Jayakumar 2012). However, tools
for biomass estimation remain scarce in the tropics and
existing generalized models do not accurately represent
biomass in the actual forests (Henry et al. 2011). Though
great efforts have been made to develop models for sev-
eral tropical species in recent years, particularly in Africa
(Chave et al. 2014; Fayolle et al. 2013; Henry et al. 2011;
Mate et al. 2014; Ngomanda et al. 2014), efforts to de-
velop biomass equations for sub-Saharan Africa have
been very restricted (Henry et al. 2011). To obtain pre-
cise and accurate biomass and carbon stock estimates in
forests, different models must be developed for different
species and forest types. Developing site specific allo-
metric equation can be useful input for REDD+ program
and other programs to accurately estimate carbon stocks
of forest resources.
To date, to our knowledge, there has not been a

direct and comprehensive study of carbon (C) stocks
and sequestration potential of community managed for-
ests across Ethiopia. Hence, with this paper, we aim at
meeting two objectives. The first is to develop a bio-
mass estimation model for the dominant woody vegeta-
tion in the community-managed forests. Second, we
aim at comparing the C stock potential among two
community-managed forests, exclosures, and grazing land.
We used field work (destructive sampling) as well as allo-
metric equations to estimate biomass and C contents of
the two dominant woody species as well as the
herbaceous layer across the three land use types. The
findings of the study are expected to have major impli-
cations for policy-makers, researchers, extension
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practitioners, and local communities on expanding and
valuing community forest management. Therefore, an
estimation of biomass and sequestered C of community
forest provides a predictive framework for identifying
forests with high biomass C stocks and inform policy-
makers about the role of community-managed forests
in climate change mitigation.

Methods
Study area
Gergera watershed is located in Atsbi-Wonberta District,
Eastern Tigray, Northern Ethiopia (39° 30′–39° 45′ E and
13° 30′13°45′ N) (Fig. 1) at an altitude of 1500–2800 masl.
Average daily temperatures are between 15 and 30 °C, and
its mean annual rainfall is about 529 mm, exceeding the
potential evapotranspiration in only 2 months (July and
August) of the year (Berhane 2008). The study area is
drought prone with erratic, unevenly distributed rainfall
and a high run-off (Bekele et al. 2012). The total forest
area of the watershed is 9908 ha, and soils are categorized

as sand in the basin, sandy loam, clay and sandy clay loam,
and clay based on the USDA soil textural classification
(Bekele et al. 2012). Major soils of the watershed are verti-
sols, cambisols, and leptosols soils (Bekele et al. 2012). In-
digenous trees such as Juniperus procera and Acacia
abyssinica are the dominant tree species in the watershed
while Eucalyptus spp. are found in the settlement areas
and in protected areas (personal observation). Grassland
is mainly found in the central lowland area (Berhane
2008), dominated by Cynodon dactylon and Hyperrhenia
hirta. Land use and land cover in the watershed are
categorized as cultivated land, forest land, grassland, and
homestead (Berhane 2008). The dominant livestock are
cattle, sheep, and goat. Gergera watershed is characterized
by flat to rugged mountain ranges with slopes varying
from 2 up to 80%.
The people of Gergera watershed exercise rain-fed,

subsistence-oriented mixed crop-livestock production
farming. The major crops and vegetables grown in the
area are Eragrostis teff (teff ), Hordeum vulgare (barley),

Fig. 1 Map of the study area
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Zea mays (maize), Triticum aestivum (wheat), and
Phaseolus vulgaris (bean). Recently, farmers have intro-
duced fruit trees such as Persea Americana, Psidium
guajava, Musa, and Carica papaya.

Data collection
We selected sites with managed natural forest and live-
stock exclosures as community-managed forest sites and
compared these with sites in separate adjacent free graz-
ing land as control sites, ensuring that soil and terrain
conditions were as similar as possible between each site.
The data were collected from three community managed
natural forest sites, three exclosure sites, and three adja-
cent grazing land sites. The grazing land was adjacent to
both the managed natural forest and exclosure.

� Community-managed natural forests. A forest, in
which management has substantially altered the
structure and ecological processes such as the water
cycle, biogeochemical (or nutrient) cycling, energy
flow, and community dynamics. The management
focuses on the importance of participation and
benefit-sharing (Agrawal et al. 2008; Sunderlin et al.
2008). However, growth is still mainly a natural
process with no regular and/or continuous human
intervention. The dominant tree species in the study
area are J. procera and A. abyssinica, and the woody
cover of the forest was visually estimated to be >60%.
The economic and social benefits of community forest
to the local community comprised collecting dead
wood, fodder, and roof grass and providing income
from beekeeping activities. Collecting live trees from
the natural forest was prohibited.

� Exclosures. Areas closed from the interference of
humans and domestic animals with the goal of
promoting natural plant regeneration of formerly
degraded communal grazing lands, often located
along steep previous grazing lands (Aerts et al.
2009). Dominant tree species also J procera and A.
abyssinica while the most dominant grass species
are Cynodon dactylon and Hyperrhenia hirta.
Woody cover was visually estimated to be 50–60%

� Open grazing land. Former forest areas that had
been converted into open grazing lands. The sites
are dominated by C. dactylon and H. hirta grasses
that are grazed by cattle, donkey sheep, and goat
throughout the year. Only few individuals of J.
procera and A. abyssinica species are present.

Stratified random sampling based on land use was
applied to achieve precise woody biomass and C stock
estimates. First, the type of land uses was identified.
Then, in each land use type we laid out 3 parallel line

transects of 200 m length, randomly. At every 100 m,
sample plots of 5 m × 40 m, and 0.5 m × 0.5 m (within
the main plot) size were established for trees and shrub
assessment, and grass and herb sampling, respectively
(Hairiah et al. 2011). In each land use type, 9 plots with
a size of 0.02 ha each were distributed. Overall, a total of
27 (3 plots, *3 sites, and *3 land uses) sample plots were
selected for biomass and C stock sampling from all three
land use types.
The number of plots was estimated from reconnaissance

survey prior to the main study, whereby, seven plots were
established randomly in order to obtain the coefficient of
variation (CV). Number of plots were calculated using the
following formula (Pearson et al. 2005):

n ¼
Xn

i¼1
Ni � Si

� �2

N2�E2

t2 þ
Xn

i¼1
Ni � Si2

� � ð1Þ

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 ×0.1, for 10% precision, or 0.2 for 20%
precision),
t = the sample statistic 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 stratum i (area of

stratum in hectares or area of the plot in hectares),
n = number of sampling units in the population
si = standard deviation of stratum i.
The field inventory was carried out in 2012 from the

end of September till November. At each plot, the
diameter at breast height (DBH) and height (H) of all
trees and shrubs with DBH ≥ 2 cm were measured using
calipers and a 5-m pole graduated with 10 cm mark-
ings, respectively (Giday et al. 2013). Trees taller than
5 m were measured using clinometers positioned at
10 m distance from the base of the tree and focused
on the highest point of the tree (Ubuy et al. 2014).
Further, crown diameter (CD) of every tree and shrub
within the plot was measured. The crown diameter
measurement was based on the average width of the
east west and north south tree crown measurement
using a measuring tape.
For developing the species specific allometric equa-

tions, the two most dominant woody species (Aynekulu
2011), namely, A. abyssinica and J. procera, were de-
structively sampled. A total of 39 individuals of the
two species of interest (25 individuals for J. procera,
14 A. abyssinica) were identified and tagged for de-
structive sampling from a DBH classes of 2.5–10 cm,
10–20 cm, 20–30 cm, 30–40 cm, 40–60 cm and >60 cm
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(Hairiah et al. 2011). Stratified random sampling was used
to select trees per each DBH class to harvest for biomass
measurements. However, as more than 97% of the trees
had a diameter <16 cm, no tree was felled within the lar-
ger diameter classes. Besides, felling the trees was re-
stricted in the area as the land was a designated for the
rehabilitation. Prior to harvest, diameter, height and crown
diameter were measured to calculate predictor variable
values for our allometric equations. After dendrometric
measurements, the aboveground biomass (AGB) of each
woody plant was harvested to ground level. Due to the dif-
ference in moisture content, the tree material was sepa-
rated into leaves, twigs (diameter <3.2 cm), small branches
(diameter 3.2–6.4 cm), large branches (diameter >6.4 cm)
and stem (Ketterings et al. 2001). The stem was de-
branched, and stem and branches were cut into sections
to facilitate weighing in the field. Each component of the
plant was weighed to the nearest 100 g using a spring
balance, and the fresh weight was recorded in the field. A
total of 39 fresh biomass subsample of 250–500 g for each
stem, gross branch and thin branch and leave component
was brought to the laboratory for dry biomass deter-
mination, dried to constant mass for 72 h at 105 °C
(Ketterings et al. 2001) and weighted to the nearest
10 g. A total of 27 (9 per land use) composite samples of
grasses were collected from all land uses.. Fresh samples
were weighed in the field with a 0.1 g precision balance;
and a well-mixed sub-sample of grasses was then placed
in a marked bag. The sub-sample was used to determine
an oven-dry-to-wet mass ratio that is used to convert the
total wet mass to oven dry mass. Finally, the sample disks
of stems, branches, and leaves were oven dried at Mekelle
University Forestry laboratory at a temperature of 105 °C
until a constant weight were achieved and measured for
their dry weight using a digital sensitive balance with a
precision 0.1 g.

Data analysis
Biomass function and estimation for dry weight
determination
Green weights in the field were transformed to a stan-
dardized oven dry weight to develop regression
models of the two species. Dry weight ratio was deter-
mined by dividing the dry weight (dwdisk) of each
sample (leaves, branch, and stem) by its corresponding
fresh weight (fwdisk in g). Using this ratio, the dry
weight of each component of a tree was calculated as
follows:

SDW ¼ dwdisk
fwdisk

� SFW ð2Þ

BDW ¼ dwdisk
fwdisk

� BFW ð3Þ

LDW ¼ dwdisk
fwdisk

� LFW ð4Þ

Where, SDW, BDW, LDW, SFW, BFW, and LFW are
the dry and fresh weights of the stem, branch, and leaf
parts of the tree in kg, respectively. The total dry weight
(TDW) of the tree was calculated as

TDW ¼ SDW þ BDW þ LDW ð5Þ
Where SDW is the stem dry weight BDW is the

branch dry weight of the tree and LDW is the leaf dry
weight of the tree measured in kg, respectively.

Development of biomass estimation model
Values of SDW, BDW, LDW, and TDW were determined
and entered as dependent variables to develop regression
functions with DBH, H, and CD as predictor variables
based on previous studies made at similar sites (Eshete
and Ståhl 1998; Yigardu 2001) and biomass functions were
developed. Several alternative functions were tested by
introducing DBH, H, and CD, to test for their ability in
predicting total above ground dry biomass.

Tree and shrub biomass estimation
For the two dominant species, AGB of trees was estimated
on the basis of the developed allometric equations. The
non-dominant woody species were too few for developing
species-specific biomass functions. The biomass functions
of the dominant species can be used for biomass estima-
tions of the co-occurring non-dominant species is a legit-
imate compromise to using other generalized functions
reported from different locations in Ethiopia and else-
where (Gessesse 2016). Allometric equations given by
(Brown 1997) were also used to estimate above ground
biomass for another species available in the study area.
Root biomass was estimated from root-shoot ratios (R/S)
as 25% of above ground biomass (Cairns et al. 1997).

Total biomass estimation
The total biomass and the biomass per hectare were
calculated using the biomass of the different vegetation
layers (trees, shrubs, and herbaceous layers). Before
calculating the total biomass, the different layers were
converted to the same unit, i.e. Mg/ha. The total bio-
mass was calculated as the sum of all biomass layers
for each plot and averaged over all plots.

Total biomass ¼ tree biomass þ shrub biomass
þ herb biomass

ð6Þ

Estimation of total carbon stock
For the conversion of tree biomass to carbon stocks, we
considered a common proxy based on the assumption
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that 50% of the biomass is carbon (Malhi et al. 2004;
Roy et al. 2001). The carbon stock was calculated by
summing the individual carbon pools of each stratum
using the following formula:

C ¼ C TBð Þ þ C SBð Þ þ C Hð Þ ð7Þ

Where C = carbon stock density [Mg C ha−1], C (TB) =
carbon in tree biomass [Mg C ha−1],
C (SB) = carbon in shrub biomass [Mg C ha−1], and

C (H) = carbon in herbaceous biomass [Mg C ha−1].

Statistical analysis
Non-linear power function techniques were used to
develop allometric models from predictor parameters
and their interactions to predict individual woody plant
branch and stem biomass and total AGB separately for
the selected two woody species. We also explored the
use of linear regression models for estimating biomass.
In both cases, the final model choice was based on the
analyses of residuals. We decided to use power functions
because all relationships examined showed a better fit to
the non-linear power function compared to the log- lin-
ear function. Generalized linear models (GLM) (SAS
2002) were used for the analysis of the goodness of fit
for all regression equations. The goodness of fit was
determined by examining p values, the coefficient of de-
termination (r2), and the coefficient of variation (CV).
The difference between the chosen fit and the predictors
and their interactions for each plant dry biomass was
regarded significant if the 95% confidence intervals (CI)
did not overlap. Prior to ANOVA, data was tested for
normality and equality of variance and Tukey HSD post
hoc tests were performed to separate biomass and C
stock means across land uses. Statistical tests were per-
formed with SAS 9.0 and statistical mean differences
were considered significant at p < 0.05.

Results
Biomass predictions through allometric equations
The goodness of fit analysis for the models across both
species indicated that the species-specific regression
models relating biomass with selected dendrometric
predictor variables were highly significant (p < 0.01). In
general, the results showed that the total dry AGB was

accurately predictable (r2 ≥ 0.95) and that all models
allowed for sound AGB estimates of the studied species
based on their dendrometric measurements (Table 1).
The simplest model, based on only one single predictor
variable, showed a good fit to the data for J. procera
(Table 2). Diameter at breast height (DBH) alone was an
effective predictor variable for estimating total dry AGB
(r2 = 0.95) while height (H) had the poorest fit (r2 = 0.54)
and crown diameter (CD) was intermediate (r2 = 0.68;
Figs. 2, 3 and 4). Similarly, DBH alone was an effective
predictor variable for estimating total dry AGB of A.
abyssinica (Fig. 2).

Carbon stocks in plant biomass
Tree C stocks were significantly four and ten times as
high in community-managed natural forests compared
to exclosures and open grazing land, respectively. How-
ever, shrub and herbaceous biomass were significantly
higher in exclosures, followed by community-managed
natural forest and open grazing land (Table 3). Above
ground tree C accounted for 70.5, 52.1, and 59.3% of the
total C in the community-managed natural forest, in
exclosures and in the grazing land, respectively. There-
fore, in all land uses tree AGB contributed most strongly
to the overall C stocks compared to the other vegetation
layers (Table 3).

Discussion
A systematic selection of the best-fitting regression
models for estimating AGB and woody plant compo-
nents showed that DBH can reliably be used as a pre-
dictor variable. The allometric equations were relatively
satisfactory for predicting total AGB of J. procera and A.
abyssinica since total variation explained by the relation-
ship was above 90%. As proven in many allometric stud-
ies, stem diameter is the most powerful variable that
usually explains most of the variability in observed tree
biomass (Zianis and Seura 2005). Similarly, Hasen-Yusuf
et al. (2013) and Giday et al. (2013) reported that stem
diameter explains most of the variability in observed tree

Table 1 Average (± standard error) woody plant dendrometric
variables and total dry aboveground biomass (AGB) for the
sample woody plants (n = 39) in the Gergera watershed, Ethiopia

Species DBH H CD AGB

(cm) (m) (m) (kg)

Juniperus procera 7.57 ± 0.49 5.01 ± 0.20 5.09 ± 0.27 26.77 ± 2.6

Acacia abyssinica 5.95 ± 0.56 4.1 ± 0.36 4.45 ± 0.24 17.68 ± 3.32

DBH diameter at breast height, H height, CD crown diameter

Table 2 Allometric functions of the best fits for the different
tree dendrometric variables: Diameter at breast height (DBH),
height (H), crown diameter (CD) and total above ground dry
biomass (AGB) in the Gergera watershed, Ethiopia

Woody
species

Dependent
variable

Allometric
equation

r2 F p

Juniperus
procera

AGB AGB = 1.12 × DBH1.54 0.95 531.95 p < 0.001

AGB AGB = 1.13 × CD1.9 0.68 49.18 p < 0.001

AGB AGB = 1.43 × H1.79 0.54 28.06 p < 0.001

Acacia
abyssinica

AGB AGB = 0.55 × DBH1.89 0.97 438.13 p < 0.001

AGB AGB = 0.74 × H2.15 0.93 177.69 p < 0.001

AGB AGB = 0.11 × CD3.27 0.78 43.6 p < 0.001
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biomass in semi-arid rangelands, Ethiopia. Our result is
also in line with the findings of Tietema (1993),
Malimbwi et al. (1994), Eshete and Ståhl (1998), and
Yigardu (2001). Actual model performance, expressed as
a goodness of fit, depended on both species involved and
the biomass component estimated in our study.
We have shown that the biomass of total AGB could

be predicted with good precision for both of the species
studied. Generally, our models indicated that the most
important single or set of predictor variable/s were rep-
resented by the diameter at breast height for both tree

species, which are common across the highlands of
Ethiopia (Aynekulu 2011). Therefore, developing allo-
metric equations of these two species is highly valuable.
Our allometric equations were statistically robust and
can be used to estimate tree biomass in other regions
provided that the woody species are similar and the cli-
matic zone is alike, for instance in dry afromontane for-
ests of Ethiopia.
Our total carbon stock estimates were comparable

with the results reported by Alemu (2012) for woodlands
of Northern Ethiopia. Compared to the aboveground
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Fig. 2 Regression lines of total dry biomass (in kg) versus diameter at breast height (DBH) (open circles) for Juniperus procera and (filled circles)
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carbon stocks of forests in moist Bale forest, Ethiopia
(Watson et al. 2013), our results were fairly small. Com-
pared to the average carbon stocks of 21.53 Mt/ha re-
ported by (Beyene et al. 2013) in four regions of Ethiopia
our results fitted quite well.
The four times higher biomass carbon in the commu-

nity forest compared to the grazing land could be due to
the difference in the total number of stems and diameter
(Table 4). In grazing lands, the low standing biomass
carbon is a result of free grazing practices and human
interference, resulting in severe overgrazing, which af-
fects regeneration and growth of herbaceous plant spe-
cies negatively and suppresses woody vegetation growth
(Mekuria and Yami 2013). A study in Ethiopia by
Taddese et al. (2002); (Yayneshet et al. 2009) demon-
strated that free grazing resulted in lower plant biomass
when compared to non-grazing plots due to its impact
on soil physical properties. Other studies conducted in

Ethiopia have also shown that community-managed for-
ests provide favorable microhabitats for herbaceous
plants, which can be an effective method to improve
aboveground biomass of naturally regenerating plant
species (Abebe et al. 2006; Mengistu et al. 2005).
The high total biomass carbon stocks in both

community-managed natural forests and exclosures sug-
gest their significant potential to restore degraded lands
and enhance ecosystem carbon content. A study in dry
forests of West Africa showed that carbon stocks can be
raised significantly with community forest management
(Skutsch and Ba 2010). This increase in forest biomass
carbon can be noted as evidence that the community
forest is functioning as a significant carbon sink. This
general increment in carbon stocks can be explained by
an increase in the overall species diversity and biomass
under this particular land use type. Our findings support
research indicating that carbon stock declines correspond
to a decline in vegetation canopy density (Dewi et al.
2009; Mekuria et al. 2009; Solichin and Steinmann 2011),
which highlights how strongly land use change affects the
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Fig. 4 Regression lines of total dry biomass (in kg) versus Crown diameter (CD) (open circles) for Juniperus procera and (filled circles) for
Acacia abyssinica

Table 3 Estimated carbon (C) stocks (Mg/ha) in plant biomass
across the three management treatments, i.e. community forest,
exclosure and communal grazing land

C contents of Managed
forest

Exclosure Grazing
land

p-value

Trees 40.99a ± 0.40 11.63b ± 0.24 4.6c ± 0.19 <0.0001

Shrubs 3.72b ± 0.04 4.27a ± 0.05 1.15c ± 0.01 <0.0001

Herbs 1.77b ± 0.03 1.92a ± 0.018 0.45c ± 0.01 <0.0001

Below ground
biomass

11.62a ± 0.10 4.45b ± 0.06 1.55c ± 0.04 <0.0001

Total (Mg/ha) 58.11a ± 0.50 22.29b ± 0.30 7.76c ± 0.24 <0.0001

Levels not connected by same letter are significantly different

Table 4 Rang of tree diameters at breast height (DBH in cm)
and average number of stems under different land use types
across Gergera watershed, Ethiopia

Land use type DBH
(min and max)

# of
stems/plot

# woody
species/plot

Managed forest 3.5-22.8 32 8

Exclosure 2.1-14.9 15 6

Grazing land 3.2-15.6 7 2
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amount and composition of plant species and above-
ground biomass. Disturbances exert persistent influence
over carbon cycling in forest ecosystems (Fahey et al. 2009)
and are increasingly recognized as an important driver of
forest carbon stocks across very large areas (Goward et al.
2008; Kurz et al. 2008). A study by Mwendera et al. (1997)
in natural pastures of Ethiopian highlands found that heavy
grazing significantly reduced vegetative cover and biomass
yields.
Management intervention in natural forests across the

globe has increased wood production, carbon sequestra-
tion, besides its benefits in terms of biodiversity conser-
vation and watershed protection (Canadell and Raupach
2008; Wagner et al. 2006; Yitebitu et al. 2010). The aver-
age accumulation rate of carbon dioxide in managed for-
ests is around 5.5 Mg ha−1 year−1 in woodlands, and in
tropical rainforests, subtropical forests, and lowland
forests, while unmanaged tropical rainforests grow at a
rate of about 0.5 Mg ha−1 year−1 (Lewis et al. 2009),
which sums up to an about 40‐fold increase in annual
yields.

Conclusions
The tree species selected for our model development were
representative of those found in the highland areas of
Ethiopia. Hence, by measuring only the stem diameter of
these species, biomass, and carbon of the woody vegeta-
tion can now easily be predicted for other areas in the
Ethiopian highlands using our allometric equations. The
result of the study substantiates that community-managed
forests are a viable option for conserving ecosystem func-
tions and for storing carbon in the long term. The total
carbon produced from the community forest is higher
than that of open grazing land and that of exclosures,
highlighting that human intervention can actively stimu-
late further carbon stock accummulation. Although it is
difficult to determine the long-term potential and the
equilibrium state of carbon dynamics as it may change
over time, we have shown that it is possible to calculate
the existing stored amount of carbon in the community
forests. Further studies on soil organic carbon stocks of
community-managed forest are needed to understand
long-term storage below-ground.
Community managed forests should be considered for

carbon trade as they provide a high carbon sink. Our
results are directly relevant to international climate
change mitigation initiatives such as Reduced Emissions
from Deforestation and Forest Degradation (REDD) and
deforestation prevention activities. We conclude that
changing of ownership from state forest to local com-
munities, coupled with payments for improved carbon
storage, therefore, highly can contribute to climate
change mitigation.
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