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1  Introduction
Small-scale agroforestry practices are gaining increasing significance within conven-
tional farming systems. For instance, the integration of Eucalyptus woodlots into agri-
cultural land has demonstrated the potential to enhance both household consumption 
and income levels sustainably, thereby improving the livelihoods of smallholder farm-
ers [1]. As government-managed plantation forests face declining wood supplies, small-
holder farm woodlots are emerging as a critical alternative source of timber [2].

In rural Ethiopia, the cultivation of Eucalyptus trees in the form of woodlots has 
become a widespread practice among smallholder farmers. These woodlots now 
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Abstract
In rural Ethiopia, the cultivation and establishment of Eucalyptus trees in the form 
of woodlots have become common practices among farmers. However, there is 
insufficient information on the extent of Eucalyptus woodlot resources and their 
carbon stock potential. This study aimed to estimate the resource base and carbon 
stock of Eucalyptus woodlots. The study area was stratified into midland and 
highland agroecological zones, and six Kebeles were purposively selected from 
each zone. An inventory of Eucalyptus woodlots was conducted using 54 randomly 
selected plots (10 m × 10 m) to assess biomass carbon and soil organic carbon (SOC). 
The resource base was estimated using Sentinel-2 imagery. Data were analyzed using 
an independent samples t-test in SPSS. The results revealed a statistically significant 
difference (p < 0.05) in biomass and soil carbon between the agroecological zones. 
The highland agroecology exhibited higher mean values for aboveground biomass 
carbon (AGC: 18.37 Mg C ha–1), belowground biomass carbon (BGC: 4.7 Mg C 
ha–1), and SOC (63.68 Mg C ha–1) compared to the midland agroecology, which 
recorded 16.52 Mg C ha–1, 4.2 Mg C ha⁻–1, and 60.37 Mg C ha–1, respectively. The 
classified imagery showed that Eucalyptus woodlots cover 3116.73 ha, accounting 
for 3.33% of Borena Woreda. This study concludes that Eucalyptus woodlots have 
significant carbon sequestration potential and recommends further research on their 
management practices.
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constitute a key component of rural livelihood strategies, serving both household wood 
consumption needs and income generation [3]. Farmers predominantly favor Eucalyp-
tus over other tree species due to its rapid growth rate, high annual yield per unit area, 
strong coppicing ability, low maintenance requirements, resistance to animal browsing, 
high market demand at competitive prices, and adaptability to diverse ecological condi-
tions [4]. Additionally, Eucalyptus woodlots offer supplementary income opportunities 
through the sale of leaves and bark [5].

Eucalyptus woodlots play a transformative role in enhancing rural livelihoods, offer-
ing socioeconomic benefits that surpass those of other tree species in many regions of 
Ethiopia. As a versatile resource, Eucalyptus serves as a critical input for industries, farm 
implements, and transmission poles, while also functioning as a safety net during peri-
ods of food insecurity for smallholder farmers. Notably, small-scale farmers increasingly 
rely on Eucalyptus globulus (white eucalyptus) woodlots as a dependable source of cash 
income. This trend has led to the gradual conversion of croplands into Eucalyptus plan-
tations, reflecting its growing economic importance in agrarian [6].

The establishment of Eucalyptus woodlots is influenced by a range of interrelated fac-
tors that shape smallholder farmers' planting decisions. These factors can be broadly 
categorized into demographic, socioeconomic, agroecological, and institutional policy 
dimensions. For example, demographic variables such as farmer age (which may have 
either a positive or negative effect) and educational attainment (typically a positive influ-
ence) play a significant role in adoption decisions. Similarly, socioeconomic factors 
including household size, income levels, and landholding size have been shown to sub-
stantially influence farmers' propensity to cultivate Eucalyptus [5, 7, 8].

Beyond provisioning and supporting roles, trees in agroecosystems provide vital 
regulating services, particularly carbon sequestration across multiple pools. Woodlot 
trees act as significant carbon sinks, storing carbon in above- and belowground bio-
mass while enhancing soil organic carbon [9]. Sequestration rates vary with geographic 
region, system type, species composition, stand age, altitude, agroecological conditions, 
and land-use history [10]. In Ethiopia, highland and midland agroecology’s differ mark-
edly in climate, soil properties, and agricultural systems. Highlands exhibit moderate 
year-round temperatures with distinct wet and dry seasons, whereas midlands feature 
a climate with higher mean temperatures. Pedologically, highlands are typified by well-
drained soils, contrasting with the clay-dominated Verti soils of midlands. These dif-
ferences directly influence biomass and soil carbon stocks. Such integrated approaches 
offer cost-effective synergies for food security, climate adaptation, and mitigation [11].

As an agroforestry practice, Eucalyptus woodlot plantations have expanded rap-
idly across Ethiopia, occupying productive farmlands, grazing areas, homesteads, farm 
boundaries, and communal lands [12]. These woodlots serve as a critical source of 
woody biomass, contribute to soil and water conservation, and help mitigate deforesta-
tion and land degradation [13]. However, their establishment often replaces agricultural 
systems without institutional support, raising concerns about land-use trade-offs [8]. 
Historical evidence from community surveys in the late 1990s revealed persistent insti-
tutional barriers in decision-making authority over the establishment and harvesting of 
Eucalyptus woodlots, despite their localized adoption [13].

At the household level, Eucalyptus woodlots have become a widespread livelihood 
strategy, addressing both domestic wood demand and income generation for smallholder 
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farmers. Yet, significant gaps remain in quantifying their spatial extent, and their carbon 
sequestration potential. Variations in carbon storage capacity affected by species, geog-
raphy, and structural composition further complicate assessments [14, 15].

Woodlot systems offer measurable climate benefits, including soil carbon sequestra-
tion, enhanced aboveground biomass, and reduced CO₂ emissions, positioning them as 
a viable strategy for agricultural climate mitigation [16]. However, smallholder decisions 
to adopt Eucalyptus are influenced by socioeconomic and demographic factors (e.g., age, 
education, landholding size, and market access), though empirical data on household 
motivations and market price determinants remain scarce [3, 8].

Understanding the potential of a eucalyptus woodlot for carbon stock potential is 
important for better management of economic return and environmental aspects yet 
[8] and there is a paucity of empirical data regarding this [3]. Despite their ecological 
and economic relevance, comprehensive data on Eucalyptus woodlot distribution and 
carbon stocks are lacking. This study addresses these gaps by (1) estimating the spa-
tial distribution (area coverage) and biomass (above- and belowground) of Eucalyptus 
woodlots and (2) evaluating their carbon storage potential to inform sustainable man-
agement practices.

2  Materials and methods
2.1  Description of the study area

This study was conducted in Borena District, located in the North-central highlands of 
Ethiopia within South Wollo Zone of Amhara Regional State (Fig.  1) (10°34'-10°53'N, 
38°28'-38°54'E) [17]. The district covers 937 km2 with a population of 158,920 and fea-
tures diverse topography ranging from 1000 to 4000  m above sea level, comprising 
four agro-climatic zones: Kolla (500–1500 masl), Weyna Dega (1500–2300 masl), Dega 
(2300–3200 masl), and Wurch (3200–3700 masl) [18, 19]. The terrain transitions from 

Fig. 1  Location Map of Borena District, Amhara Region, South Wollo (Study Area)
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steep mountainous slopes in upstream areas to gentler undulating topography down-
stream [20].

The highest rainfall happens in summer, which starts in June and ends in September. 
There is a short rainy season in spring, from March to May [19]. The mean annual tem-
perature of the region varies from 14   °C to 19  °C. The maximum temperature occurs 
from March to May and the minimum temperature happens in December, July, and 
August. The upper northwestern part of Woreda is known for its minimum temperature 
and is categorized under the Wurch climatic zone. The southwestern part of Woreda has 
the highest temperature, with the Kolla climatic condition [18]. Black or brown loam 
and sandy loam texture soils are the main characteristics of the district.

2.2  Sampling procedures and data collection

2.2.1  Sample size selection

Borena woreda was selected purposively by considering the presence of woodlots. The 
study employed a stratified sampling approach to partition the district according to its 
distinct agroecological zones [21, 22]. In Ethiopia, highland and midland agroecology’s 
differ markedly in climate, soil properties, and agricultural systems. Highlands exhibit 
moderate year-round temperatures with distinct wet and dry seasons, whereas midlands 
feature a climate with higher mean temperatures. Pedologically, highlands are typified 
by well-drained soils, contrasting with the clay-dominated Verti soils of midlands. These 
differences directly influence biomass and soil carbon stocks. From each zone (encom-
passing both midland and highland areas), kebeles were selected through purposive sam-
pling based on the presence of Eucalyptus woodlots [23]. From lists of woodlot growers 
provided by local agricultural offices, we randomly selected 7% of households in each 
Kebele for this study.

For resource base assessment, we utilized high-resolution multispectral imagery from 
Sentinel-2's Multispectral Instrument (MSI) [24], was utilized to map and quantify Euca-
lyptus woodlot distribution alongside other land use types. The images with < 10% cloud 
cover during dry seasons of February were used to reduce the cloud impact. Field-col-
lected ground truth data, comprising precisely georeferenced training points acquired 
via GPS devices, served to validate the satellite imagery classification. Training and vali-
dation of the SVM classifier followed a 70:30 split, with the majority of ground refer-
ence data (70%) used for model training and the minority (30%) allocated for accuracy 
assessment. The selected image was atmospherically corrected and the image analysis 
employed Support Vector Machine (SVM) algorithms [25] to ensure accurate land cover 
classification. Classification accuracy was rigorously assessed through an error matrix.

2.2.2  Tree biomass carbon estimation

The study employed simple random sampling [26] to establish sample plots for above- 
and below-ground carbon stock estimation. To locate the sample plots to collect data 
for estimating above and below-ground carbon stock. A total of 54 plots were taken. 
The plot size was 10 × 10 m for inventory data for woodlot agroforestry to estimate the 
above-ground biomass of the standing trees [27]. At each plot, all trees with a diameter 
at breast height (DBH) ≥ 5  cm were measured using a caliper, while tree heights were 
recorded using a hypsometer [28]. The DBH measurement approach was selected as it 
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represents a cost-effective, non-destructive method particularly suitable for carbon esti-
mation studies under budget constraints [29].

Above-ground biomass (AGB) and below-ground biomass (BGB) were estimated using 
the general allometric equations of [30], which were developed for AF species of Kenya. 
Tree biomass was converted to Carbon by multiplying the above-ground biomass by 0.5 
[29]. After having the above-ground biomass, the carbon stock was calculated assuming 
it constitutes 50% of the total AGB [31–33].

AGB = 0.085 ∗ DBH2.472� (1)

Measuring the below-ground living biomass is difficult and complex [34]  and it is 
commonly derived from the aboveground living tree biomass using the root-to-shoot 
ratio [35]. Depending on the nature of the plant and ecological conditions, the below-
ground living biomass ranges from 25 to 40% [36] of above-ground living tree biomass 
[37] also, estimate 26% of AGB.

BGB = AGB ∗ 0.26� (2)

Composite soil samples were taken by X pattern from the main plot (10 × 10 m) one at 
the center and four at the corners. Soil samples were taken from 0 to 15 cm and 15 to 
30 cm soil depth from each sample plot using an auger to determine soil organic carbon 
[38]. A core sampler was used to collect soil samples for bulk density determination. Soil 
Carbon stock = % C * BD * Depth, where, C expressed in Mg ha−1 for a given depth, % 
C = % Concentration of C in soil measured for each soil depth, BD = Bulk density, Mg 
m−3 for each soil depth, Depth = Sampling depth.

2.3  Data analysis

The collected field data were arranged and noted in the Microsoft Excel 2013 datasheet. 
Data were subjected to a normality test and equality of variance, before conducting para-
metric statistical analysis. In this study, agroecology was the independent variable while 
biomass and soil organic carbon were considered as dependent variables. Biomass and 
soil organic carbon data were compared by using an independent-sample t-test with the 
help of the SPSS software and results were considered significant at p < 0.05 level of con-
fidence. For resource base estimation Image Classification was done by using Support 
Vector Machine algorithms with the help of ArcMap10.8.

3  Result and discussion
3.1  Biomass carbon stock

There were notable differences in the carbon stock between agroecology (Table  1). In 
midland to highland agroecology, there was a significant (p < 0.05) increase in both 

Table 1  Biomass C stocks (Mg ha-1) of Eucalyptus woodlot (mean ± standard deviation) between 
agroecology
Agroecology AGB BGB TB AGC BGC
Midland (34.41 ± 3.03)a (8.8 ± 0.78)a (43.21 ± 3.74)a (16.52 ± 1.45)a (4.2 ± 0.37)a

Highland (38.28 ± 5.57)b (9.95 ± 1.45)b (48.23 ± 7.02)b (18.37 ± 2.67)b (4.7 ± 0.69)b

T-value 3.224 3.682 3.335 3.224 3.682
P-value 0.002 0.001 0.002 0.002 0.001
A similar letter in columns shows no significant difference and different letters indicate significant differences between 
agroecology at p < 0.05
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above- and below-ground biomass stocks (Table 1). In this study, highland agroecology 
showed a greater mean of AGB and BGB stock than midland agroecology. For midland 
agroecology, the estimated aboveground and belowground biomass stocks were 34.41 
and 8.8 Mg ha −1, and 38.28 and 9.95 Mg ha −1, respectively, for highland agroecology.

The total biomass (TB) stocks were higher in highland agroecology (48.23 Mg ha−1) 
and lowest in midland agroecology (43.21  Mg  ha−1 (Table  1). The  highland  agroecol-
ogy accounted for 52.75% of the total biomass (TB) stocks in the study area, compared 
to 47.25% in the midland agroecology (Table 1). This distribution was similarly reflected 
in individual carbon pools: the highland agroecology accounted 52.66% of the total 
aboveground biomass (AGB) stocks (midland: 47.34%) and 53.06% of the belowground 
biomass (BGB) stocks (midland: 46.94%). These results demonstrate a consistent pattern 
of slightly higher carbon storage in the highland agroecology across all measured com-
ponents.  Total aboveground biomass stock ranged from 25.4 to 49.16  Mg  ha−1 in the 
study area. While Eucalyptus woodlot's total belowground biomass stock ranged from 
6.7 to 12.78 Mg ha−1.

Biomass carbon varied significantly (p < 0.05) between agroecology. In this Eucalyptus 
woodlot, the highest values of TB, AGB, and BGB stock in the highland agroecology are 
associated with high stand density, or the number of individuals per hectare, and related 
structural factors, including basal area, height, diameter, and crown cover. The quality of 
planting stock and rotation period, as well as the size, density, age, mean annual incre-
ment, and management practices of the woodlot, are other factors that influence the 
storage of biomass carbon in eucalyptus woodlots.

Furthermore, climate variables (temperature and precipitation), soil management 
practices, and the type of management that producers employed may all be contribut-
ing factors to the difference. The findings demonstrate that biomass carbon is mostly 
dependent on agroecology, which is influenced by environmental and socioeconomic 
factors of the Eucalyptus woodlot system in place. As the AGB rises with increasing tree 
diameter and height, it is dependent upon the height and diameter of a species. The rela-
tionship between diameter and height is also related to the type of species, soil charac-
teristics,  climate  parameters,  and  agroecology  [39]. AGB increases with BGB in the 
Eucalyptus woodlot in the research area because the BGB of a species is determined by 
AGB. As altitude rises, the AGB of eucalyptus woodlot grows, due to a higher number 
of individuals per hectare, greater mean height and diameter were recorded in highland 
agroecology in our study area.

Research has indicated that there are differences in the quantity of carbon stored in 
agroforestry systems and agroecology [40]. The mean total biomass stock of Eucalyptus 
woodlot was within the range reported for the tropical African AF systems (12–228 t 
ha−1) [41, 42]) and West Africa Sahel (0.7–54 t ha−1) [43]. Moreover, this finding showed 
that the mean biomass stock of woodlot in Borena is greater than that of Gubalafto 
(23.9 Mg ha−1), Gozamen (23.6 Mg ha−1), and Jabitehnan (14.6 Mg ha−1) woodlot AF sys-
tem in Amhara region [44], similarly our study area has greater biomass stock compared 
to woodlots in Gurage zone (4.74 Mg ha−1), Ethiopia [39], and woodlot of Gergera water-
shed in eastern Tigray (11.47 Mg ha−1), Ethiopia [45].

However, our study area has lower biomass stock compared to the Gununo Watershed 
woodlot (133.09 Mg ha−1), Wolayitta Zone, Ethiopia [46]. This variation results from dif-
ferences in tree density, age, site features, type of management, and biomass estimating 
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model use. A higher number of stems per hectare, height, and diameter was also respon-
sible for the higher biomass carbon stock in our study's woodlot AF practice at high-
land agroecology. This study line with [47], stated that biomass carbon increases with 
increasing altitude in different agroforestry practices in central Ethiopia, and home gar-
den agroforestry of southwestern Ethiopia [48].

On the other hand, our result contradicts other findings reported by [49], who 
reported that the aboveground biomass of carbon stock decreased with increasing alti-
tude also similarly another study reported that the inverse relationship between biomass 
carbon and altitude [50].

3.2  Soil organic carbon stock

Significant variations were observed in the mean SOC stocks of the Eucalyptus woodlot 
between agroecology (t = 4.61, p < 0.05). In highland agroecology, the mean SOC stores 
were larger (63.68 Mg C ha -1), while in midland agroecology, they were lower (60.37 Mg 
C ha −1) (Table 2). The top layer (0–15 cm) accounted for 51.32% of the total SOC in 
midland agroecology and 51.48% of the total SOC in highland agroecology also the 
lower layer (15–30 cm) accounted for 48.68% and 48.52% in the midland and highland 
agroecology respectively. The SOC stocks in the Eucalyptus woodlot of the study sites 
ranged between 54.67 and 68.65 Mg C ha -1, with highland agroecology having a greater 
SOC stock by 51.33% in the study area compared to midland agroecology's 48.67%.

This study's results are in line with the range of 53–83 Mg C ha −1 reported in wood-
lots of Gurage zone, Ethiopia (39) and in the study that was reported in African savan-
nahs and woodland, the range of SOC was of 30–140 Mg C ha −1 [51] also this study line 
with the specified range reported in woodlot agroforestry systems in northern Ethiopia 
(65.79–128.11 Mg C ha −1) [52].

The mean SOC stock of Eucalyptus woodlot in the study area was 62.025  Mg C ha 
−1 and in our study area, SOC was higher as compared to results reported in woodlot 
Agroforestry Practices in Gununo Watershed, Wolayitta Zone, Ethiopia stores 48.57 Mg 
C ha −1 [46] also high as compared to results estimated to be 43 Mg C ha − 1 for semi-arid 
woodland in southern Ethiopia [53].

However, the mean SOC in this study was lower as compared to results reported in 
the Gurage zone, Ethiopia woodlot (68  Mg C ha -1) [39] and northern Ethiopia [52], 
reported 96.95  Mg C ha -1 in woodlot agroforestry practice. This variation might be 
caused by changes in soil properties (physical, chemical, texture, fertility, and biological 
conditions), stand variables (age, species type, composition, and density), agroecologi-
cal conditions (wind, temperature, precipitation, altitude, and climate), and management 
practices (fertilization, tillage, land holding size, and harvesting mechanisms) [54, 55].

Table 2  SOC stocks of depth 0–30 cm (Mg C ha-1) of Eucalyptus woodlot (mean ± standard 
deviation) between agroecology
Agroecology SOC 0–15 cm SOC 15–30 cm SOC 0–30 cm
Midland (30.97 ± 1.17)a (29.39 ± 2.09)a (60.37 ± 3.08)a

Highland (32.78 ± 0.94)b (30.9 ± 1.16)b (63.68 ± 1.98)b

T-value 6.278 3.182 4.61
P-value 0.000 0.003 0.000
A similar letter in columns shows no significant difference and different letters indicate significant differences between 
agroecology at p < 0.05
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The overall trend of total means SOC stock in the study area increased from mid-
land to highland agroecology (Table 2). This is probably because of the higher elevation, 
which results in reduced mineralization rates (lower temperature) and also the higher 
precipitation of the highland agroecology of this Eucalyptus woodlot.

Numerous studies revealed that soil carbon stocks have a direct relationship with 
increasing elevation [48] and the inverse relationship between carbon stocks and tem-
perature in successional vegetation in Ethiopia, so greater carbon stocks at the cooler 
upper altitudes [53]. In addition, because of slower mineralization rates, soils in colder 
areas typically contain higher levels of organic matter. Furthermore, the accumulation of 
soil organic matter (SOM) rises with increased precipitation [56].

Our findings also agree with a recent worldwide meta-analysis that indicates 71% 
of the variation in soil C can be attributed to elevation [57]. Similarly, other authors 
reported increasing SOC stocks with increasing elevation in home gardens and parkland 
agroforestry in southern and northern Ethiopia respectively [48], and [58]. This study's 
findings, however, were in contrast to those of another, which found that SOC decreased 
as the elevation gradient increased (e.g. [59].

3.3  Farmer's Eucalyptus woodlot resource in Borena Woreda

The classified image showed that the smallholder Eucalyptus woodlot resource base in 
Borena Woreda was 3116.73ha of the total land area of the study sites. The smallholder 
Eucalyptus woodlot area covers 3.33% of the total area (Fig. 2).

4  Conclusion
This study demonstrates that smallholder Eucalyptus woodlots in Borena Woreda serve 
as significant carbon sinks, storing substantial amounts of carbon in both biomass and 
soil. Our findings reveal three key patterns: First, agroecological variation significantly 

Fig. 2  Land use land cover map
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(p < 0.05) influences carbon storage, with highland areas exhibiting greater total biomass 
carbon stocks (48.23 Mg C ha⁻1) compared to midland areas (43.21 Mg C ha⁻1). Second, 
soil organic carbon (SOC) stocks followed a similar pattern, with highland woodlots 
storing 63.68 Mg C ha⁻1 versus 60.37 Mg C ha⁻1 in midland areas. Third, remote sensing 
analysis identified 3116.73 ha (3.33% of total land area) under Eucalyptus woodlot culti-
vation, confirming their widespread adoption by rural communities.

These results suggest two important recommendations: (1) Future research should 
investigate how management practices differentially affect carbon stocks across agro-
ecologies, and (2) Farmers could enhance both economic benefits and carbon sequestra-
tion by integrating high-value tree species with existing Eucalyptus woodlots. This dual 
approach would simultaneously support climate change mitigation and poverty allevia-
tion efforts in the region.
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