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Abstract

Rehabilitation of degraded land plays a vital role in enhancing carbon stock storage, which is
one of the important ecosystem services. The objective of this investigation was to determine the
extent to which exclosures contribute to carbon storage by analyzing the carbon stocks of
woody plants both above and below ground, utilizing a non-destructive allometric model within
the Tullu Qondala Exclosure. A systematic sampling method was used to conduct the vegetation
sampling. Vegetation data were collected from a total of 30 main plots each with the size of 20
m x 20 m. Woody plants were measured for diameter at breast height (DBH) of>5 cm and
height of > 1.5 m. The mean above-ground biomass (AGB) and below-ground biomass (BGB)
were 56.9 £ 4.38 t/ha and 11.38 + 0.88 t/ha, respectively. The total mean carbon stock density
of woody plant species at the study site was 34.142 + 13.86 t/ha, with 28.45 + 2.19 t/ha stored in
AGB and 5.69 + 0.44 t/ha in BGB. The total aboveground and below-ground carbon contents
were 853.56 t/ha and 170.71 t/ha, respectively. The carbon stocks density in the above and
below ground biomasses were high as compared to some previous studies. These differences
among the compared exclosure could be attributed to variations in the presence of bigger sized
trees with a higher basal area and, a higher density of woody species. Additionally, the length
of time an area has been under exclosure can significantly impact the density of carbon stocks,
given that these stocks are influenced by biomass, which tends to increase with prolonged
exclosure. This study demonstrated that establishing area exclosures in the region is an effective
strategy for sequestering carbon. The carbon stock found in this area highlights its important
role in addressing climate change. Therefore, it’s crucial for all sectors involved, both local and
national, to come together and implement strong conservation strategies to fully utilize these
benefits.
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Introduction

Mitigating climate change entails storing C in
vegetation and understanding the connections
between carbon storage and ecosystem health
(Don et al., 2024). Through carbon storage in
above-and belowground structures, woody
vegetation significantly contributes to the
reduction of greenhouse gas emissions (Kafy et
al., 2023; Shiferaw et al., 2022) . In this regard,
tropical forest has a great role in storing
substantial quantity of carbon which accounts
50% of the world vegetation biomass (Brown,

Climate change, along with its environmental
challenges, has emerged as one of the most
pressing issues we encounter on a global scale.
Developing countries particularly in African
countries are bearing the burden of it. Ethiopia,
for example, has been experiencing extended
droughts, erratic rainfall (Belay et al., 2025).
which affected agricultural production and food
security indicating the need for adaptation and
mitigation strategies (Chapman et al., 2020).
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2002; Iticha, 2017). However, the provision of
ecosystem services has been dramatically
reduced due to high deforestation and extensive
biodiversity lose (Guariguata and Balvanera,
2009) which in turn limited the carbon storage
pools in forests in different part of the world
and increased carbon emissions in the
atmosphere (Tsegay and Meng, 2021). The CO,
emission due to deforestation is reported to be
about 70% and 13% for Africa and world
respectively (FAO, 2020; Pan et al., 2011).

Implementing conservation and management
measures, restoring ecosystems and
watersheds, and reducing deforestation could
all help in reducing the buildup of C in the
atmosphere (Brown, 2002; Houghton et al.,
2001). Thus, forests have the ability to form a
major component in the mitigation of global
warming and adaptation to climate change.
According to (Pan e al., 2011), forest stores
about 80% of all aboveground and 40% of all
below ground terrestrial organic carbon.
Protected areas play an important role in
capturing and storing carbon from the
atmosphere through improved vegetation. They
also act as a good strategy for adapting to
climate change (Abeje et al., 2016; Griscom et
al., 2017). It's widely recognized that area
closure can enhance the vegetation's cover,
composition, density, richness, and diversity.
Besides, it can have a positive impact on the
economies and ecosystems of the nearby
communities(Birhane ez al., 2006; Gebeyehu et
al., 2019; Tefera and Soromessa, 2015).

In Ethiopia, there is land degradation because
of deforestation, agricultural land expansion,
and  overgrazing  which  resulted in
environmental degradation and ecosystem
services (Mengistu et al., 2005; Mulugeta et al.,
2005). The level of Ethiopia’s forest land and C
stock showed a decreasing trend during 1990 -
2015 due to deforestation (FAO, 2020).
Ethiopia’s total CO, emission is reported to be
400 Mt in 2030 (FDRE, 2015)

To deal with these issues, applying different
sustainable land management practices such as
enclosures is necessary. In reply to this,
Ethiopia has followed different conservation
strategies such as, watershed management,
afforestation, reforestation, and restoration

programs, to decrease these environmental
risks (Mengistu et al., 2005). Before three
decades, area closure was suggested as one of
restoration strategy to encourage re-vegetation,
prevent further ecosystem decline, and improve
ecological conditions (Tesfay et al., 2020). As a
result, there has been an increase in the area of
degraded lands dedicated for its rehabilitation
(Emiru et al., 2006). The Tullu Qondala
Exclosure, a previously degraded natural forest,
is one of the areas excluded from human and
animal interference through a cooperation
between the district agricultural office and local
communities.

Although a number of studies have investigated
the impact of area enclosures on restoring the
diversity and structure of woody species in
Ethiopia, we still have a lot to learn about their
carbon sequestration capabilities especially in
the central regions where these enclosures are
used for land rehabilitation. Most research has
focused on the northern and southern parts of
the country, making it essential to explore
biomass accumulation and carbon storage in
central exclosures. This study sets out to
measure the above and belowground carbon
stock density of woody plants in the Tullu
Qondala Exclosure to help fill this gap.

Materials and Methods
Description of Study Areas

Tullu Qondala Exclosure is found in Nono
District, West Showa Zone, Oromia National
Regional State, Ethiopia about 216 km west of
the capital city, Addis Ababa. It covers a total
area of 693.7 km2. The district is
geographically situated between 370 20" to 370
30" Longitude and 80 30" to 80 40" Latitude.
The elevation of the Tullu Qondala exclosure
varies from 1126 and 2192 m.a.s.l (Nono
District Administrative Office, 2021).

Climatically, most of Nono District falls within
the Woinadega (90.83%) and Qolla (9.16%)
agroclimatic zones (Messay, 2011). The mean
annual temperature ranges between 16°C and
26°C. The Tullu Qondala Exclosure,
established in 2004, was once a degraded
natural forest before its closure for restoration.
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The District Office of Agriculture partnered
with local communities to enforce area closure,

preventing human and livestock interference to
promote ecological recovery.

Study area Map
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Figure 1: Location map of study area
Sampling design and measurements

Reconnaissance survey was made to obtain an
overview of the study site, before the actual
survey operation, followed by detailed
preliminary survey on biophysical components.
This site was chosen because it is relatively
better protected and the extent of human
disturbance is relatively less than in the other
around areas. Systematic sampling design was
employed to collect vegetation data from the
study site.

The enclosure area covered 31 hectares,
sampling was done based on systematic
transect sampling technique following Mueller-
Dombois, 1994. Three transect lines were
established at a distance of 100m apart.
Sampling quadrant of 20m x 20m was used to
assess woody species. All the sampling plots
were distributed along the transect line at a
distance of 50m between the quadrants. To
estimate the tree biomass, all live trees with a
diameter > 5 cm were recorded as indicated by
(Pearson ef al., 2005)

In this research, individual trees measuring >
Scm diameter at breast height (DBH) and
shrubs diameter at stump height (DST), about
30 cm above the ground, were measured from
each quadrant. The DBH of the woody plants
were derived from circumference (D = C/x,
where D = DBH, C = Circumference, ©
constant with value 3.14) measured by a
measuring tape.

The quadrats were marked using plastic ribbon,
four wooden pegs and compass. In each
quadrat, the types and number of all individuals
of the woody species were identified, counted
and recorded by their local and/or scientific
names (Azene, 2007; Emiru et al., 2006). The
height and diameter of trees, shrubs, saplings
and seedlings of the woody species were
measured using a marked measuring stick and
diameter tape, respectively were recorded
following a standard method.

Tree diameters were measured at breast height
(DBH), while shrubs and saplings were
measured at stump height (DSH). Plants
reaching 3 meters in height with a DBH
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exceeding 2.5 cm were classified as trees or
shrubs. Those under 2 meters tall with a DBH
below 2.5 cm were recorded as saplings, and
plants shorter than 1 meter were considered
seedlings only their total counts were counted
(Birhane et al., 2007; Lai et al., 2009).

Carbon stock Data Analysis

Aboveground Biomass (AGB) and
Carbon Stock

Various allometric models exist for estimating
aboveground biomass, but the (Chave et al.,
2014) model is recommended here due to its
suitability for the study site, particularly for
tropical forests with similar life zone
characteristics. The AGB of trees with diameter
at breast height > 5cm was calculated using the
model developed by (Chave et al., 2014). The
model is as follows:

AGE = 0.0673 x {_'p(:DBH)fH)"'?T"E‘

Where: AGB = aboveground biomass (in kg
dry matter)

p = wood density (g/cm3)

DBH = diameter at breast height (in cm)

H = tree height (in m)
The place where this study was conducted is
part of tropical region, 50% of the woody
species biomass was assumed to be the carbon
sink. Hence, the aboveground biomass carbon
was estimated by biomass-carbon conversion
factor of 0.5 (Brown, 2002; Pearson et al.,
2005).

AGCS=AGB x 0.5

Where, AGCS = Above Ground Carbon Stock

AGB = Above Ground Biomass

To calculate the amount of carbon dioxide
equivalence (CO,e) that have been captured in
the aboveground body, AGB is multiplied by
3.67 assuming that each ton of stored carbon is
equivalent t03.67 (i.e. the ratio of the molecular
weight of carbon dioxide (CO;) to the atomic
weight of carbon (44/12) =3.67 (Brown, 2002;
Pearson et al., 2005).

Below-Ground Biomass (BGB) and
carbon

Belowground biomass was estimated using the
equation from Macdieken (1997). Similarly,
Brown and (2002) and Pearson et al. (2005)
described this approach as more efficient and
effective, as it applies a regression model to
determine belowground biomass based on
aboveground biomass data. Therefore, the
equation developed by Macdicken, 1997 was
adopted for estimating belowground biomass.
The equation is provided below

BGB=AGBx0.2

Where BGB is belowground biomass, AGB is
aboveground biomass, 0.2 is the conversion
factor (or 20% of AGB).

To calculate the amount of carbon and CO2 in
below ground biomass, the same procedure was
applied like that of aboveground biomass.
Finally, biomass carbon stocks are calculated
by summing the carbon stock densities of
different carbon pools in the stratum using the
formula by Pearson et al. (2005).

Results

Biomass and Carbon Stock of woody
species in Tullu Qondala Exclosure

Tullu Qondala exclosure had the density of
1349 individuals/ha of woody species with
DBH >5cm (Table 1).

Table 1. Mean DBH and Height, frequency, relative frequency, density/ha and relative density of

woody plant species in Tullu Qondala exclosure
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Noof | Aver | Avera | Freque | Relative Densit | Relative
Species Name stems age ge ncy % Frequency | y/ha Density
DBH | heigh
(cm) | t(m)
Acacia abyssinica Hochst. ex 225 16.77 | 6.2 93.3 7.6 187.5 13.9
Benth.
Acacia polyacanths (Willd) 57 18.19 | 7.64 80 6.5 47.5 3.52
Acacia seyal Del. 22 16.55 | 6.87 36.7 3 18.33 1.36
Albizia schimperiana Oliv. 24 14.18 | 6.06 333 2.7 20 1.48
Calpurnia aurea (Ait.)Benth. 14 5.71 4.04 26.7 2.2 11.67 | 0.86
Carissa spinarum (C. edulis) 53 6.51 43 60 4.9 4417 | 3.27
Clausena anisata (Wild.) Benth. 8 6.11 4.23 20 1.6 6.67 0.49
Combretum molle R. Br. ex 454 12.69 | 5.62 100 8.2 3783 | 28.04
G.Don 3
Cordia africana Lam. 28 21.01 | 7.2 433 3.5 2333 | 1.73
Croton macrostachyus Hochst. ex | 63 14.54 | 5.97 63.3 5.2 52.5 3.89
Del.
Dodonea angustifolia L.F 17 6.24 4.03 333 2.7 14.17 1.05
Ehertia cymosa Thonn. 75 11.51 | 5.06 66.7 54 62.5 4.63
Entada abyssinica steud.ex 40 15.37 | 6.14 433 3.5 3333 | 247
A.Rich.
Euclea divinorum Hiern 18 5.84 3.57 26.7 22 15 1.11
Ficus sur Forssk. 5 3034 | 7.23 13.3 1.1 4.17 0.31
Ficus sycomorus.L 4 27.95 | 6.18 13.3 1.1 3.33 0.25
Ficus vasta Forssk. 3542 | 8.23 20 1.6 6.67 0.49
Gardenia ternifolia Schumach. & | 63 17.09 | 5.67 66.7 5.4 52.5 3.89
Thonn.
Grewia bicolor Juss 88 8.22 4.16 63.3 5.2 7333 | 5.44
Maytenus arbutifolia (A.Rich.) 4 8.75 5.23 10 0.8 3.33 0.25
Wilczek
Olea europaea L.subsp. 8 7.45 5.25 16.7 1.4 6.67 0.49
cuspidata (Wall.ex G. Don.) Cif.
Rhus natalensis Benth. ex Krauss. | 63 6.25 4.57 533 43 52.5 3.89
Rhus vulgaris Meikle 119 5.68 4.26 86.7 7.1 99.17 | 7.35
Terminalia macroptera Guill & 101 16.58 | 6.18 76.7 6.3 84.17 | 6.24
Perr.
Vernonia amygdalina Del. 9 6.05 4.39 233 1.9 7.5 0.56
Ximenia americana L. 49 5.63 4.04 56.7 4.6 40.83 | 3.03
Total 1619 1349.
2

The total mean tree biomass was 68.28+5.25
ranging from 19.77-136.12 t/ha. Due to a wide
range in tree biomass of the study site, the
quantity of carbon sequestered showed
difference between plots ranging from 9.89-
68.07 t/ha. The overall C stock of Tulu

Qondala exclosure was 1024.3 t/ha with the
mean value of 34.14+2.63 t/ha. For all the
plots, the total aboveground carbon and
belowground carbon was 853.56 t/ha and
170.71 t/ha respectively (table 2).
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Table 2. Overall and mean values of biomass and C stock (t ha—1) in in Tullu Qondala exclosure

AGB BGB AGB+BGB AGC BGC AGC+BGC
Mean 56.9+4.38  11.3840.88  68.28+5.25  28.45+2.19  5.69+0.44  34.14+2.63
Total  1707.1 341.42 2048.5 853.56 170.71 1024.3

AGB = Aboveground biomass, BGB = Belowground biomass, AGC = Aboveground carbon, BGC
= Belowground carbon, TB = Total biomass, and TC = Total carbon

Woody Species Contribution for
Biomass and C Stock in Tullu
Qondala Exclosure

The highest aboveground carbon stock per
woody species was recorded from Acacia
abyssinica (7.63) followed by Combretum
molle(4.8),  Terminalia  macroptera(3.31),
Acacia polyacanths(2.6),Gardenia ternifolia
(1.66) and Croton macrostachyus(1.07) tons of
Carbon/species ha ™ About 78.195 % of the
AGC stock was contributed by these six woody
plant of the study area while the rest of the

woody plant species contributed only 21.805 %
of the AGC. The minimum aboveground C
stock of woody plant species was scored from
Vernonia amygdalina 0.0151 tons/ha (Table 3).
High C stock was recorded in Ficus vasta
(0.125 ton per single tree). Ficus sur, Ficus
sycomorus, Acacia polyacanths, and Acacia
abyssinica also contributed high carbon in
Tullu Qondala exclosure. The minimum and
maximum carbon stock per single tree/shrubs

was 0.002 and 0.125 tones recorded for
Vernonia amygdalina and Ficus vasta,
respectively (S2).

Table 3. Means (+SD) AGB and C stock of each species from Tullu Qondala area exclosure
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Species AGB AGC CO, in GB BGC CO, in TB TC
AGB BGB Stock

Acacia abyssinica Hochst. 1832 | 9.16 33.61 3.66 1.83 6.72 22 10.99

ex Benth.

Combretum molle R. Br. ex | 11.52 | 5.76 21.14 23 1.15 4.23 13.8 6.91

G.Don

Terminalia macroptera 7.95 3.97 14.59 1.59 0.79 2.92 9.54 4.77

Guill & Perr

Acacia polyacanths (Willd) | 6.22 3.11 11.41 1.24 0.62 2.28 7.46 3.73

Gardenia ternifolia 3.99 1.99 7.32 0.8 0.4 1.46 4.78 2.39

Schumach. & Thonn.

Croton macrostachyus 2.56 1.28 4.7 0.51 0.26 0.94 3.07 1.54

Hochst. ex Del.

Cordia africana Lam. 2.07 1.03 3.79 0.41 0.21 0.76 2.48 1.24

Entada abyssinica steud.ex | 2.03 1.02 3.73 0.41 0.2 0.75 2.44 1.22

A.Rich

Ficus vasta Forssk. 2 1 3.68 0.4 0.2 0.74 2.4 1.2

Ehertia cymosa Thonn. 1.64 0.82 3.02 0.33 0.16 0.6 1.97 0.99

Acacia seyal Del. 1.18 0.59 2.16 0.24 0.12 0.43 1.41 0.71

Albizia schimperiana Oliv. 0.89 0.45 1.64 0.18 0.09 0.33 1.07 0.54

Ficus sur Forssk. 0.82 0.41 1.5 0.16 0.08 0.3 0.98 0.49

Grewia bicolor Juss 0.68 0.34 1.24 0.14 0.07 0.25 0.81 0.41

Rhus vulgaris 0.61 0.31 1.12 0.12 0.06 0.22 0.74 0.37

Ficus sycomorus 0.52 0.26 0.95 0.1 0.05 0.19 0.62 0.31

Rhus natalensis Benth. ex 0.42 0.21 0.77 0.08 0.04 0.15 0.5 0.25

Krauss.

Carissa spinarum (C. 0.38 0.19 0.69 0.08 0.04 0.14 0.45 0.23

edulis)

Ximenia americana L. 0.33 0.16 0.6 0.07 0.03 0.12 0.39 0.2

Dodonea angustifolia L.F 0.17 0.08 0.3 0.03 0.02 0.06 0.2 0.1

Olea europaea L.subsp. 0.08 0.04 0.15 0.02 0.01 0.03 0.1 0.05

cuspidata

(Wall.ex G. Don.) Cif.

Euclea divinorum Hiern 0.08 0.04 0.15 0.02 0.01 0.03 0.1 0.05

Calpurnia aurea 0.07 0.03 0.12 0.01 0.01 0.02 0.08 0.04

(Ait.)Benth.

Maytenus arbutifolia 0.07 0.03 0.12 0.01 0.01 0.02 0.08 0.04

(A.Rich.) Wilczek

Clausena anisata (Wild.) 0.04 0.02 0.07 0.01 0 0.01 0.04 0.02

Benth

Vernonia amygdalina Del. 0.04 0.02 0.07 0.01 0 0.01 0.04 0.02

Mean 249+ | 1.24+ | 4.56+1.5 | 0.5£0 | 0.25+ | 0.91+0. | 2.98+ | 1.49+
0.82 0.41 .16 0.08 3 0.98 0.49

Total 64.61 323 118.56 12.92 | 6.46 23.71 77.5 38.76

AGB = Aboveground biomass, AGC = Aboveground carbon, BGB = Belowground biomass, BGC
= Belowground carbon, TB = Total biomass, and TC = Total carbon

Carbon Stock Density of Tuallu Inthe Tullu Qondala exclosure, the total carbon
Qondala Exclosure (C) stock was determined by adding up the
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aboveground biomass carbon (AGB) and
belowground biomass carbon (BGB) from all
the sampled plots. This thorough evaluation
showed quite a bit of variation in how much
carbon each plot could store, which is
influenced by factors like vegetation density,
the types of species present, and the
characteristics of the soil. Plot 27 had the
lowest carbon stock at just 9.9 tons/ha, likely
due to its sparse vegetation or some recent
disturbances. On the other side, plot 7 boasted
the highest stock at 68.1 tons/ha, probably due
to its mature woody species (Fig. 2).

Overall, the average carbon stock for the entire
study area was 34.14 £ 2.63 tons/ha, suggesting
a moderate potential for carbon sequestration
when compared to other similar exclosure
systems in semi-arid regions.

Furthermore, the carbon sequestration potential
representing the capacity of the ecosystem to
absorb and store atmospheric CO. was
estimated to be 118.56 tons/ha in AGB and
23.71 tons/ha in BGB (Table 3).

—#— Biomass tone/ha =#—CSD tone/ha —— CO2e tone/ha
_ 300
S
g 250
; 200 R\ (\\
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Figure: 2 Biomass, C stock density (CSD) and Co2 tone/ha per plots

In the study area, the ten key tree species
showed quite a bit of variation in how much
they contributed to total carbon storage. At the
top of the list was Acacia abyssinica, which
was the standout species, capturing the most
carbon. Following closely in second place was
Combretum molle. Terminalia macroptera took

the third spot, while Acacia polyacantha and
Gardenia ternifolia came in fourth and fifth,
respectively. Croton macrostachyus, Cordia
africana, Entada abyssinica, Ficus vasta, and
Ehretia  cymosa  showed  progressively
decreasing carbon storage capacities, listed
here in descending order of their contributions
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Figure 3. Contribution of woody species for the total carbon of Tullu Qondala exclosure (in

percent)

The top 10 most important species accounted
for 90.18% of the total aboveground biomass
(AGB) and aboveground carbon (AGC) stocks
in Tullu Qondala Exclosure, while the
remaining species contributed only a minor
fraction (Figure 4). Among these dominant

species, three, Acacia abyssinica, Combretum
molle, and Terminalia macroptera were
particularly significant, collectively
representing 58.48% of the entire carbon stock.
This highlights their crucial role in carbon
sequestration within the exclosure,
underscoring their ecological importance in the
ecosystem.

Ehertio cyrmoso
Ficus wasta Forssk.
Entada abryssinico
Cordia Africano

Croton macrostachyus

Species

Gordenia te mifolio

Acocia polyocanths
Terminalia mocropte ror
Combretum malle

Arocio abyssinico

o BEC

W AGT
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A LM B
n
m

-
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Figure 4. The share of ten most important tree species to the BGC and AGC in Tullu Qondala

exclosure
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Discussion

Biomass and Carbon Stock of Tullu
Qondala Area Exclosure

The study evaluated tree carbon stocks using
the IPCC-recommended global carbon fraction
of 0.5 (50% of biomass), based on the
assumption that half of a tree's dry biomass is
carbon. This widely accepted default value is
commonly used in forest carbon accounting,
especially when direct measurements are not
available, as supported by various studies and
the IPCC Guidelines (IPCC, 2006). Exclosures,
restricted areas for livestock and humans,
effectively restore degraded lands (Mekuria et
al., 2018). Combined with enrichment planting,
introducing native or high-biomass species,
they boost biomass carbon stocks (Ashenafi et
al., 2019). However, the Tullu Qondala Area
Exclosure showed uneven distribution of
carbon stock input between AGB and BGB.
This disparity could be attributed to issues like
species composition, age structure of
vegetation, and soil organic carbon dynamics
(Lemenih and Itanna, 2004). Such variations
underline the need for site-specific evaluation
when carrying out restoration strategies, as
carbon sequestration potential can vary based
on ecological and management conditions
(Chave et al., 2014).

This study indicated notable disparities in
biomass accumulation across different tree
species, with Acacia abyssinica demonstrating
the highest biomass, succeeded by Combretum
molle,  Terminalia  macroptera,  Acacia
polyacantha, Gardenia ternifolia, and Croton
macrostachyus. On the other hand, species such
as Calpurnia aurea, Maytenus arbutifolia,
Clausena anisata, and Vernonia amygdalina
contributed relatively less to the total biomass
(Table 3). These differences can be attributed to
different factors such as wood density, species
size (height and DBH), species abundance, and
the level of anthropogenic pressure in the
area.(Agerie et al.,2019; Chave et al., 2014).

In the Tullu Qondala Exclosure, we noticed a
remarkable dominance of just a handful of key
species when it comes to aboveground biomass
(AGB) and aboveground carbon (AGC) stocks.

The top 10 species alone made up a whopping
90.18% of the total AGB and AGC, leaving the
rest of the species with only a tiny contribution
. This trend is consistent with what we've seen
in other tropical and subtropical dry forests,
where a small number of species tend to take
the lead in storing carbon in the ecosystem, due
to their larger size, denser wood (like Chave et
al.,2014; Poorter et al., 2015).

There is a strong association between stand
basal area and aboveground biomass in which
they are directly influenced by the diameter of
tree. The basal area increases with tree size,
which in turn increase the aboveground
biomass (AGB) and carbon (C) storage
capacity (Agerie Nega ef al., 2019; Brown,
2002). Larger and denser trees, such as Ficus
vasta, accumulate more carbon in both
aboveground (AG) and belowground (BQG)
forms relative to smaller species like Vernonia
amygdalina, which showed the lowest carbon
stock in the Tullu
Qondala Exclosure (S2). This result is in
agreement with similar studies that indicate tree
size and wood density as important
determinants of carbon sequestration potential
(Gibbs et al., 2007).

Concerning the ecological and management
effect, the presence of high-biomass species
such as Acacia abyssinica and Ficus vasta
highlights their ecological significance in
carbon storage and ecosystem productivity. On
the other hand, the lower contribution of
species like Vernonia amygdalina could be
attributed to their smaller size or lower wood
density.  Sustainable forest management
strategies should focus the conservation of
large, high-biomass species to enhance carbon
sequestration, particularly in Exclosure systems
that enable natural regeneration (Lemenih and
Kassa, 2014). Moreover, reducing
anthropogenic pressures like selective logging
and grazing can increase biomass retention and
carbon storage potential in these ecosystems
(Aerts et al., 2007).

The AGB and C density of woody plant species
in Plot 27 were significantly lower than those
in the other sampled plots, while Plot 7 showed
the highest amount (Figure 2). This difference
could be attributed to the presence of several
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large-diameter trees in Plot 7, which may have
a key role in its increased mean AGB and
carbon stocks (Chave et al, 2014).
Additionally, variation in woody species
density and diameter distribution among the
plots were observed as critical factors affecting
carbon storage capacity (Basuki et al., 2009).
The higher presence of mature, large-sized
trees in Plot 7 likely increased its carbon
sequestration potential, whereas the relatively
lower tree density and smaller diameter classes
in Plot 27 may be the reason for its lower
biomass accumulation.

This study showed that the biomass density in
Tullu Qondala Exclosure ranged from of 9.88
t/ha to 68.07 t/ha, with mean biomass carbon
stock density of 34.142 + 13.86 t/ha. The
corresponding mean carbon dioxide equivalent
was 125.3 + 50.86 t/ha (Table 2). These results
were higher than those reported in similar
studies, such as (Haftom et al., 2019) in
Southern Tigray, Northern Ethiopia (4.58 +
3.75 t/ha), and (Abebe and Mekuria, 2021) in
two exclosure sites in SNNPRS, Southern
Ethiopia (4.37 + 0.671 and 11 £ 2 t/ha). The
variation in carbon stock density could be
attributed to issues such as the occurrence of
larger trees with greater basal area, higher
woody species density, and the allometric
model applied (Lasco and Pulhin, 2009).

The length of exclosure time significantly
affects carbon stock density, as carbon stocks
are directly related to biomass accumulation,
and longer exclosure periods increase total
biomass (Abebe and Mekuria, 2021). Activities
such as afforestation and the restoration of
degraded forest lands, together with effective
management approaches, could enhance carbon
stocks across major pools through sequestration
(Lal, 2005). These activities could also play an
important role in mitigating climate change by
improving CO- sequestration.

In its Intended Nationally Determined
Contribution (INDC), Ethiopia has promised to
reduce greenhouse gas (GHG) emissions by
64% by 2030, relative to a situation where
things just keep going as they are, which would
lead to an impressive 255 MTCO:eq.
Particularly, the forestry sector is expected to
contribute about 50.9% (or 130 MTCO:zeq) of

the country’s emissions (FDRE, 2015). This
underlines how important it is to precisely
assess the carbon storage potentials of
Ethiopia’s forest ecosystems.

Conclusion

This research assessed the biomass and total
carbon stock of the Tullu Qondala Exclosure,
found in West Shewa, Oromia, Ethiopia. The
study site has faced degradation problem and
been excluded from human and animal
interference for more than 15 years. The
findings showed that the exclosure has
improved both biomass growth and soil carbon
storage, indicating its importance as an
effective restoration strategy for degraded
landscapes. The results also showed that long-
term exclosure practices enhance carbon
sequestration in both aboveground and
belowground biomass. The increase in carbon
stock within the Tullu Qondala exclosure
indicates its potential in addressing climate
change. By changing degraded lands into
exclosures, Ethiopia can enhance ecological
recovery while increasing carbon stocks,
coinciding with the national REDD+ goals..
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Supplementary information (S1)

List of woody plant species collected
from study area

No | Scientific name Family Local name Habit
1 Acacia abyssinica Fabaceae Laaftoo Tree
2 Acacia polyacanths Fabaceae Harmukkoo Tree
3 Acacia seyal Fabaceae Waaccuu Tree
4 Albizia schimperiana Fabaceae Muka-arbaa Tree
5 Calpurnia aurea Fabaceae Ceckaa Shrub
6 Carissa spinarum Apocynaceae Agamsa Shrub
7 Clausena anisata Rutaceae Ulmaayii Shrub
8 Combretum molle Combertaceae Rukeessa Tree
9 Cordia africana Lam. Boraginaceae Waddeessa Tree
10 Croton macrostachyus. Euphorbiaceae Makkanniisa Tree
11 Dodonea angustifolia Sapindaceae Ittacha Shrub
12 Ehertia cymosa Thonn. Boraginaceae Ulaagaa Tree
13 Entada abyssinica Fabaceae Ambaltaa Tree
14 Euclea divinorum Hiern Ebenaceae Mi'eessaa Shrub
15 | Ficus sur Forssk. Moraceae Harbuu Tree
16 | Ficus sycomorus L. Moraceae Odaa Tree
17 Ficus vasta Forssk. Moraceae Qilxuu Tree
18 Gardenia ternifolia Rubiaceae Gambeela Tree
19 Grewia bicolorJuss Tiliaceae Harooressa Shrub
20 | Maytenus arbutifolia Celastraceae Kombolcha Tree
21 Olea europea sub sp. Cuspidata | Oleaceae Ejersa Tree
22 Rhus natalensis Anacardiaceae Xaaxessaa Shrub
23 Rhus vulgaris Meikle Anacardiaceae Daboobessa shrub
24 Terminalia macroptera Combretaceae Dabaqqaa Tree
25 Vernonia amygdalina Del. Asteraceae Eebicha Shrub
26 | Ximenia americana L. Olacaceae Hudhaa Shrub

Journal of Science and Sustainable Development (JSSD), 2025, 13(2), 37-53

ISSN: 2304-2702 (print)




(unid) Z0LT-¥0ET :NSSI

€6-L€ ()€1 “szoT “(assr) wwewdojoaa( 2[qeuteisng pue 20ULOS JO [euInof

4010219 | {1
¥10°0 €601 4! ¥00°0 ¢8C°0 8EE0 | 990 S€9°GL9 9I'v | TT8 88 DinaLH
yssi04 | €1
66C°0 LyT'1 96’1 800 €0 80¥'0 | SISO 'SI8 €L | ¥E0€ S Ans SnoLf
puviipdunyds | 71
890°0 99¢'1 6€9'1 6100 CLE0 LYy’ 0 | €680 690°€68 909 | TVl 144 viziqry
860°0 L6L'1 9s1'C L20°0 6v'0 8860 | SLI'I 610°GLIT L89 | 991 [44 [p42s D1oVIY H
psoutd | o
¥0°0 £15'¢ 910°¢ 110°0 589°0 ¢80 | v¥9'l 1€S°EP91 90°G | IS'TI SL D12y
yss40,] | 6
6570 £90°¢ SL9'E SClo SE8°0 100°1 €00°C | ¥I8700C €8 | Tr'se 8 DIspA Snold
vo1uIssAgy |
£60°0 SOT°¢ 9TL'E §20°0 9¥8°0 ST0'T €0'C | CIy0g0c YL | LEST 4 bporug
pupdLLp | |
SET0 91°¢ €6L'¢ LE00 198°0 Pe0'l L90°C | 661°L90C L | 10TC 8¢ bip107
sndyovysoovu | 9
SLO0 Sle'¢ 869V 00 L90°1 8C'1 9¢¢ ¥1°096¢ L6'S | vSYI €9 103043
vijoftuia) | ¢
9110 L60°9 LIEL €00 199°'1 766’1 L86'C | 8B8TL86E L9°G | 60°LIT €9 piuapivs
sypuvovdjod |
<0 8056 Iyl §60°0 165°C 60I'¢ | 8ICT9 I6°L129 v9'L | T8I LS pwoy
vaapdoovut | ¢
P10 9S1'Cl L8S'YI 6€0°0 4133 SL6'E | 6V6'L | LIV6V6L 81'9 | 8591 [ 101 pijpuiuLLd |
ajjout | ¢
Ly0°0 SI9°LI 8EI'IT €100 8 9L’G | 6IST1 9C6ISII 96 | 69¢Cl | ¥Sv nj2.1quios)
Do1UISSAQD | |
6v1°0 800°8¢ 19°¢¢ 1700 9L 8616 | 9I¢8I 1'91¢81 C9 | LL91 | STC pwvoy
sw oweu | ON
(wo) s JJNUIIdg
(ey/uon) (uoy) (uon) (ey/uoy) (uoy) | (uoy)s (63 )] HAa | jou
(uoy) don so109ds so109ds o013 9[3urs sa10adg sa10adg | o10adg soroadg | (wr) ySioy o3e | oqu
d13uIs /200 /200 /200 /uoqren /uoqreny /uoqrey | /dDV /dDV oBeloAy | 1AV | 0N

o)1 Apnjs wol pap1ooal saroads 9013 9[uls pue [30} 10d 3001s UOQIED PUE (SSEWOLF PUNOISIA0qY) gDV UBIIN

(ZS) vonewaojur Aavyududdng

[ 6v]

D 12 npeL




(qunrd) T0LT-#0€T :NSSI €6-L€ “(D)€1 “sz0T (asSSr) wowdo[oad( S]qeuIBISNG PUE 30UIIDS JO [BUINOf

600 8'¢ 9y 200 P0'1 4! 6v'¢ 1¥'98¥¢C UBIN
vulpp3cun | 97

L00°0 9¢50°0 L90°0 2000 1S10°0 8100 | 9¢0°0 IrE9¢ 68V | 09 6 pruoudsaq
sy | G

800°0 §950°0 890°0 2000 ¥S$10°0 8100 | L£OO £€6'9¢ ey | 119 8 DUaSnLY
vijofimg.v | ¢

1€0°0 £€01°0 €Cro 800°0 8200 $€0°0 | L90°0 ¥01°'L9 €CS | SL8 4 SnuajAvpy
pany | €7

600°0 S01°0 SCI0 2000 820°0 7€0°0 | 8900 65€'89 YOy | IL'S 14! viund|n)
wn.ioutaip | g

800°0 Y10 6v1°0 000 7€0°0 1700 | 1800 S6€£'18 LSE | ¥8'S 81 bajong
vipdsn) | g

‘ds gns

6100 SCro S1°0 §00°0 7€0°0 1700 | 7800 S08'18 STS | S¥L 8 vado.na vajQ
pijofusndun | (g

8100 €570 €0€°0 §00°0 690°0 €800 [ S9T°0 (144l €y [ 79 LT bavuopodq
puvorLiduD | 6]

(410 S0 90 €00°0 9¢1'0 €91°0 | LTE0 £66'9¢¢ YOy | €9°¢ 914 pruauity
wniuids | g1

€100 9LS°0 169°0 700°0 LST'0 881°0 | LLEO YIL9LE ey | 1S9 €S DSSLDY)
sisuajpipu | /]

¢loo 1¥9°0 69L°0 €00°0 SLT'0 170 | 61¥0 Lyl'61v LSV | §T9 €9 snyy
sn1ouodds | 9]

6£C0 S6L°0 ¥56°0 $90°0 LITO 970 S0 180°0CS 819 | S6'LC ¥ snoL]
6000 8¢6°0 9CI'l €00°0 9¢T°0 L0€0 | €190 8LEET9 9Ty | 89°¢ | e6ll SLDS[NA SHyY st

[os] vidoryyg w1 2.4ns0joX7 PIPPUOD HIINT JO SIUD]T APOOY UL SIDIIUIO] YI0)S UOGAD))




Fikadu et al.

[51]

References

Abebe, F., and Mekuria, A. (2021). Impact of
exclosures on woody species diversity in
degraded lands: the case of Lemo in

Southwestern Ethiopia. Heliyon, 7(4),
¢06898.
https://doi.org/10.1016/j.helivon.2021.e
06898

Abebe, F., and Mekuria, A. (2021). Impact of
exclosures on woody species diversity in
degraded lands: the case of Lemo in

Southwestern Ethiopia. Heliyon, 7(4),
e06898.
https://doi.org/10.1016/j.heliyon.2021.e
06898

Aerts, R., Negussie, A., Maes, W., November,
E., Hermy, M., and Muys, B. (2007).
Restoration of Dry Afromontane Forest
Using Pioneer Shrubs as Nurse-Plants for
Olea europaea ssp . cuspidata. June 2019.

Agerie Nega, W., Hussin, Y. A., Van Leeuwen,
L. M., and Latif, Z. A. (2019). Effect of
forest stand density on the estimation of
above ground biomass/carbon stock using
airborne and terrestrial LIDAR derived
tree parameters in tropical rain forest,
Malaysia. Environmental Systems
Research, 8(1).
https://doi.org/10.1186/s40068-019-
0155-z

Ashenafi, M., Negash, M., and Alebachew, M.
(2019).  Effect of degraded land
rehabilitation on carbon stocks and
biodiversity in semi-arid region of
Northern Ethiopia. Forest Science and

Technology, 1502), 70-79.
https://doi.org/10.1080/21580103.2019.1
592787

Azene, B. (2007). Useful trees and shrubs of
Ethiopia : Identification , Propagation and
Management for 17 Agroclimatic Zones.

Basuki, T. M., van Laake, P. E., Skidmore, A.
K., and Hussin, Y. A. (2009). Allometric
equations for estimating the above-ground
biomass in tropical lowland Dipterocarp
forests. Forest Ecology and Management,

257(8), 1684—1694.
https://doi.org/10.1016/j.foreco.2009.01.
027

Belay, D., Regasa, T., and Mammo, S. (2025).
Impacts of climate change and variability

on rural livelihoods and adaptation
strategies in Ethiopia: a review paper.

Frontiers in Climate, 7(April), 1-8.
https://doi.org/10.3389/fclim.2025.1563
176

Birhane, E., Teketay, D., and Barklund, P.
(2007). Enclosures to Enhance Woody
Species Diversity in The Dry Lands of
Eastern Tigray, Ethiopia. East African
Journal of Sciences, 1(2), 136-147.
https://doi.org/10.4314/eajsci.v1i2.4035
2

Brown, S. (2002). Measuring carbon in forests:
Current status and future challenges.
Environmental Pollution, 116(3), 363—
372. https://doi.org/10.1016/S0269-
7491(01)00212-3

Chapman, S., E Birch, C., Pope, E., Sallu, S.,
Bradshaw, C., Davie, J., and Marsham, J.
(2020). Impact of climate change on crop
suitability in sub-Saharan Africa in
parameterized and convection-permitting
regional climate models. Environmental

Research Letters, 1509).
https://doi.org/10.1088/1748-
9326/ab9daf

Chave, J., R¢jou-Méchain, M., Burquez, A.,
Chidumayo, E., Colgan, M. S., Delitti, W.
B. C.,, Duque, A., Eid, T., Fearnside, P.
M., Goodman, R. C., Henry, M,
Martinez-Yrizar, A., Mugasha, W. A,
Muller-Landau, H. C., Mencuccini, M.,
Nelson, B. W., Ngomanda, A., Nogueira,

E. M., Ortiz-Malavassi, E., ...
Vieilledent, G. (2014). Improved
allometric models to estimate the

aboveground biomass of tropical trees.
Global Change Biology, 20(10), 3177—
3190. https://doi.org/10.1111/gcb.12629

Don, A., Seidel, F., Leifeld, J., Katterer, T.,
Martin, M., Pellerin, S., Emde, D., Scitz,
D., and Chenu, C. (2024). Carbon
sequestration in soils and climate change
mitigation—Definitions and pitfalls.
Global  Change  Biology, 30(1).
https://doi.org/10.1111/gcb.16983

Emiru, B., Teketay, D., and Barklund, P.
(2006). Actual and potential contribution
of exclosures to enhance biodiversity of
woody species in the drylands of Eastern
Tigray. Journal of the Drylands, 1(2),
134-147.

Journal of Science and Sustainable Development (JSSD), 2025, 13(2), 37-53

ISSN: 2304-2702 (print)



Carbon Stock Potentials in Woody Plants of Tullu Qondala Exclosure in Ethiopia [52]
Eshete, A., Nigussie, D., Negassa, A., Busha 1829.
Teshome, and Mamo, N. (2016). Area https://doi.org/10.1016/j.foreco.2009.06.
Closures : A Climate Smart Approach to 025

Rehabilitate Degraded Lands and to
Improve Livelihoods. Journal of Natural
Sciences Research, 6(23), 1-8.

FAO. (2020). Global Forest Resources
Assessment 2020 Key findings. In
International Journal of Marine and
Coastal Law, 23(4).
https://doi.org/10.1163/157180808X353
939

FDRE. (2015). Intended Nationally Determined
Contribution ( INDC ) of the Federal
Democratic Republic of Ethiopia. 1-13.
http://www4.unfccc.int/submissions/IN
DC/Published
Documents/Ethiopia/1/INDC-Ethiopia-
100615.pdf

Gebeyehu, G., Soromessa, T., Bekele, T., and
Teketay, D. (2019). Carbon stocks and
factors affecting their storage in dry
Afromontane forests of Awi Zone,
northwestern  Ethiopia.  Journal  of
Ecology and Environment, 43(1), 1-18.
https://doi.org/10.1186/541610-019-
0105-8

Gibbs, H. K., Brown, S., Niles, J. O., and
Foley, J. A. (2007). Monitoring and
estimating tropical forest carbon stocks:
Making REDD a reality. Environmental

Research Letters, 2(4).
https://doi.org/10.1088/1748-
9326/2/4/045023

Griscom, B. W., Adams, J., Ellis, P. W,,
Houghton, R. A., Lomax, G., Miteva, D.
A., Schlesinger, W. H., Shoch, D.,
Siikaméki, J. V., Smith, P., Woodbury, P.,
Zganjar, C., Blackman, A., Campari, J.,
Conant, R. T., Delgado, C., Elias, P.,
Gopalakrishna, T., Hamsik, M. R., ...
Fargione, J. (2017). Natural climate
solutions. Proceedings of the National
Academy of Sciences of the United States
of America, 114(44), 11645-11650.
https://doi.org/10.1073/pnas.171046511
4

Guariguata, M. R., and Balvanera, P. (2009).
Tropical forest service flows: Improving
our understanding of the biophysical
dimension of ecosystem services. Forest
Ecology and Management, 258(9), 1825—

Haftom, H., Girmay, T., Emiru, B., Haftu, A.,
and Meseret, H. (2019). Impact of farm
exclosure on woody species abundance
and carbon stock in Tigray, Northern
Ethiopia. Cogent Environmental Science,
5(1).
https://doi.org/10.1080/23311843.2019.1
656444

Houghton, R. A., Lawrence, K. T., Hackler, J.
L., and Brown, S. (2001). The spatial
distribution of forest biomass in the
Brazilian Amazon: A comparison of
estimates. Global Change Biology, 7(7),
731-746. https://doi.org/10.1046/j.1365-
2486.2001.00426.x

IPCC. (2006). 2006 IPCC - Guidelines for
National Greenhouse Gas Inventories. In
Directrices para los inventarios nacionales
GEL http://www.ipcc-
nggip.iges.or.jp/public/2006gl/index.ht
ml

Iticha, B. (2017). Ecosystem Carbon Storage
and Partitioning in Chato Afromontane
Forest: Its Climate Change Mitigation and

Economic Potential. International
Journal of Environment, Agriculture and
Biotechnology, 2(4), 1785-1794.

https://doi.org/10.22161/ijeab/2.4.41
Kafy, A. Al, Saha, M., Fattah, M. A., Rahman,
M. T., Duti, B. M., Rahaman, Z. A.,
Bakshi, A., Kalaivani, S., Nafiz Rahaman,
S., and Sattar, G. S. (2023). Integrating
forest cover change and carbon storage
dynamics: Leveraging Google Earth
Engine and InVEST model to inform
conservation in hilly regions. Ecological

Indicators, 152, 110374.
https://doi.org/10.1016/j.ecolind.2023.1
10374

Lai, J., Mi, X., Ren, H. and Ma, K. (2009).
Species-habitat associations change in a
subtropical forest of China. 1977, 415—

423.

Lal, R. (2005). Forest soils and carbon
sequestration.  Forest Ecology and
Management, 220(1-3), 242-258.
https://doi.org/10.1016/j.foreco.2005.08.
015

Journal of Science and Sustainable Development (JSSD), 2025, 13(2), 37-53

ISSN: 2304-2702 (print)



Fikadu et al.

[53]

Lasco, R. D., and Pulhin, F. B. (2009). Carbon
Budgets of Forest Ecosystems in the
Philippines. Journal of Environmental
Science and Management, 12(1), 1-13.

Lemenih, M., and Itanna, F. (2004). Soil carbon
stocks and turnovers in various vegetation
types and arable lands along an elevation
gradient in southern Ethiopia. 123, 177—
188.
https://doi.org/10.1016/j.geoderma.2004
.02.004

Lemenih, M., and Kassa, H. (2014). Re-
greening Ethiopia: History, challenges
and lessons. Forests, 5(8), 1896—1909.
https://doi.org/10.3390/f5081896

Macdicken, K. G. (1997). A Guide to
Monitoring Carbon Storage in Forestry
and Agroforestry Projects.
http://www.winrock.org/REEP/PUBSS.
html.

Mekuria, W., Wondie, M., Amare, T., Wubet,
A., Feyisa, T., and Yitaferu, B. (2018).
Restoration of degraded landscapes for
ecosystem services in North-Western
Ethiopia. Heliyon, 4(8).
https://doi.org/10.1016/j.helivon.2018.e
00764

Mengistu, T., Teketay, D., Hulten, H., and
Yemshaw, Y. (2005). The role of
enclosures in the recovery of woody
vegetation in degraded dryland hillsides
of central and northern Ethiopia. Journal
of Arid Environments, 60(2), 259-281.

https://doi.org/10.1016/j.jaridenv.2004.

03.014

Messay, M. (2011). Land-use/land-cover
dynamics in Nonno district, central
Ethiopia.  Journal of  Sustainable

Development in Africa.

Mulugeta, L., Karltun, E., and Olsson, M.
(2005). Soil organic matter dynamics
after deforestation along a farm field
chronosequence in southern highlands of
Ethiopia. Agriculture, Ecosystems and

Environment, 109(1-2), 9-19.
https://doi.org/10.1016/j.agee.2005.02.0
15

Nono District Administrative Office. (2021).
Nono Woreda Livestock and Fishery
Development ruminants (Issue October).

Pan, Y., Birdsey R. A., Fang J., Houghton R.,
Kauppi P. E., Kurz W. A., Phillips O. L.,

Shvidenko A., Lewis S. L., Canadell J.
G., Ciais P., Jackson R. B., Pacala S. W,
McGuire A. D., Piao S., Rautiainen A.,
Sitch S., and Hayes D. (2011). A Large
and Persistent Carbon Sink in the World’s
Forests. Science, 333(July), 988-993.

Pearson, T., Walker, S., and Brown, S. (2005).
Sourcebook for Land Use , Land-Use
Change and Forestry Projects.

Shiferaw, H., Kassawmar, T., and Zeleke, G.
(2022). Above and belowground woody-
biomass and carbon stock estimations at
Kunzila watershed, Northwest Ethiopia.
Trees, Forests and People, 7, 100-204.
https://doi.org/10.1016/}.tfp.2022.100204

Tefera, M., and Soromessa, T. (2015). Carbon
Stock Potentials of Woody Plant Species
in Biheretsige and Central Closed Public
Parks of Addis Ababa and Its
Contribution to  Climate  Change
Mitigation. 5(13). www.iiste.org

Tesfay, A., Wayu, S., Gebretsadkan, N., Giday,

T., and Gebremariam, T. (2020).
Exclosure land  management  for
restoration of herbaceous species in

degraded communal grazing lands in
Southern Tigray. Ecosystem Health and

Sustainability, 6(1).
https://doi.org/10.1080/20964129.2020.1
829993

Tsegay, G., and Meng, X. Z. (2021). Impact of
ex-closure in above and below ground
carbon stock biomass. In Forests, 12(2),
1-23. MDPI AG.
https://doi.org/10.3390/£12020130

Journal of Science and Sustainable Development (JSSD), 2025, 13(2), 37-53

ISSN: 2304-2702 (print)



