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Abstract Today’s agri-food systems face the tri-
ple challenge of addressing food security, adapting 
to climate change, and reducing the climate foot-
print by reducing the emission of greenhouse gases 
(GHG). In agri-food systems, changes in land use 
and land cover (LULC) could affect soil physico-
chemical properties, particularly soil organic carbon 
(SOC) stock. However, the impact varies depend-
ing on the physical, social, and economic conditions 
of a given region or watershed. Given this, a study 
was conducted to quantify the impact of LULC and 
slope gradient on SOC stock and C sequestration rate 
in the Anjeni watershed, which is a highly populated 
and intensively cultivated area in Northwest Ethiopia. 
Seventy-two soil samples were collected from 0–15 

and 15–30 cm soil depths representing four land use 
types and three slope gradients. Soil samples were 
selected systematically to match the historical records 
(30 years) for SOC stock comparison. Four land use 
types were quantified using Landsat imagery analy-
sis. As expected, plantation forest had a significantly 
(p < 0.05) higher SOC (1.94 Mg  ha−1) than cultivated 
land (1.38 Mg  ha−1), and gentle slopes (1–15%) had 
the highest SOC (1.77 Mg   ha−1) than steeper slopes 
(> 30%). However, higher SOC stock (72.03 Mg  ha−1) 
and SOC sequestration rate (3.00  Mg   ha−1   year−1) 
were recorded when cultivated land was converted 
to grassland, while lower SOC stock (8.87 Mg  ha−1) 
and sequestration rate (0.77  Mg   ha−1   year−1) were 
recorded when land use changed from cultivation to 
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a plantation forest. The results indicated that LULC 
changes and slope gradient had a major impact on 
SOC stock and C sequestration rate over 30 years in 
a highly populated watershed. It is concluded that in 
intensively used watersheds, a carefully planned land 
use that involves the conversion of cultivated land to 
grassland could lead to an increase in soil C seques-
tration and contributes to reducing the carbon foot-
print of agri-food systems.

Keywords Carbon sequestration · Land use · Land 
cover · Soil carbon stock · Slope gradient

Introduction

Land, as a fundamental natural resource, serves impor-
tant environmental, economic, and social purposes in 
the world. More than 95% of the world’s food is grown 
on land. The global food supply is mostly reliant on the 
availability of productive soils. In part, land use land 
cover (LULC) change is a key feature and outcome of 
global environmental change (Song et  al., 2018). The 
term LULC is used for human alteration of Earth’s ter-
restrial surface from one use to the other (Meshesha 
et al., 2012). The driving factors of LULC changes dif-
fer in time and space based on the setting of a specific 
region (Assefa & Bork, 2014). Population growth is the 
main driver of LULC change in sub-Saharan Africa 
(Brandt et al., 2017) besides migration (Muriithi, 2016), 
and anthropogenic activities (i.e., mining, farmland 
expansion, urban developments) (Obodai et al., 2019). 
The presence of a steep slope landscape is another fac-
tor for LULC change (Jacob et al., 2016; Lambin et al., 
2001; Zhao et al., 2017). The lack of weak regulation 
of natural resources is also an enabler of LULC change 
(Lambin et  al., 2001). Overall, about 30% of the East 
African landscape has been converted into cultivated, 
barren, and urban land uses due to the current human 
activities (Jacobson et al., 2015).

For decades, Ethiopia has struggled with LULC 
change, due to rapid population growth along with 
poor land use planning and regulation (Meshesha 
et  al., 2014). There have been several conservation 
efforts by the government and non-governmental 
organizations, though the physicochemical proper-
ties of soil have been changing through time. Soils are 
the largest carbon (C) pool in the terrestrial ecosys-
tem. Global soils contain three to four times as much 

organic C as plants and twice or three times as much 
carbon as the atmosphere (Wiesmeier et  al., 2019). 
In the twenty-first century, examining the trend of 
LULC change and the C stock potential of soil is 
becoming a precondition to understanding the nexus 
between LULC change and GHG emission in many 
disciplines. Such analysis is expected to contribute 
to the C budget (Hu et al., 2019) and climate change 
mitigation and adaptation measures at a local scale. 
Apart from land use impact, recent findings indicate 
that topographic factors play a significant role in 
changing the soil C stock potential by affecting soil 
properties at a watershed level (Sheleme, 2017), and 
altering the soil C pool (Jin et al., 2006). Topographic 
factors can, directly and indirectly, affect soil organic 
carbon (SOC) stocks by affecting soil depth, photo-
synthesis, nutrient cycle, and management intensity 
(Jobbagy & Jackson, 2000).

The term SOC refers to C in the soil of organic ori-
gin, and it is generally accepted that soil organic matter 
(SOM) contains approximately 58% SOC (Lal et  al., 
2015), whereas soil C sequestration is the process by 
which C physically protected, as in micro-aggregates, 
or deep within the soil profile and storing of biomass  
in the soil as organic materials (Lal et al., 2015).

The net flux of  CO2 between the soil and the atmos-
phere will be significantly affected by a slight relative 
change in SOC stores (Hartemink et  al.,  2014). The 
rate of C mineralization, via which  CO2 returns to the 
environment, determines the residence period of C in 
the SOM (Kelliher et al., 2004).

A study at the Kersa sub-watershed of Ethiopia 
indicated that SOC stock in grazing land use had a 
higher value in the surface and subsurface soil lay-
ers than cultivated and fallow land use (Yared et al., 
2018). Similarly, the topsoil layer (0 to 20 cm depth) 
had higher SOC stock than the deeper layers. Abera 
and Belachew (2011) at Sinana Dinsho forest revealed 
the highest SOC (12.95%) under forest land, whereas 
the cultivated land had the lowest SOC (2.75%) in 
the 0 to 15  cm depth. Agidew and Singh (2017) at 
the Teleyayen sub-watershed reported that the high-
est SOC at the 0 to 15 cm depth was detected in soils 
under grassland (7.58%), succeeded by fallow lands 
(4.09%) and the cultivated soils (2.56%).

Wubie and Assen (2020) reported that SOC con-
tent was significantly influenced by the change in 
land cover and slope gradient. The highest values of  
SOC content were detected on the gentle gradients, 
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while the lowest was noted on the steep slope gradi-
ents. During the first few years after converting natu-
ral forests to farmland, soil C loss can be very severe 
(Lal et  al., 2015). According to Jakšić et  al. (2021), 
SOC content in forest land decreased with increasing 
slope, but the difference was not statistically signifi-
cant. The historic SOC loss over 50 years from range-
land and cropland soils in Ethiopia is estimated to 
be 230–670 Tg C (Tg = teragram = 1012  g = million 
metric ton of C) (Girmay et al., 2008). Solomon et al. 
(2018) in Wujig-Mahgo-Waren forest ecosystems 
showed that SOC stock in the year 2000 was higher 
than that in 1985 and 2016 due to the highest cover-
age of open and dense forests during 2000.

The alarming increase in population over the high-
lands of Ethiopia is exerting persistent pressure on 
land resources, which leads to LULC change and the 
removal of soils on steep slopes (i.e., > 30%) while 
tilling soil without proper soil management prac-
tices put in place (Zeleke & Hurni, 2001). Hence, 
landscape-based soil studies elucidating the relation-
ship between LULC, slope gradient, and C stock are 
essential and play a substantial role in climate change 
mitigation and adaptation.

In the Anjeni watershed, only two studies have 
been conducted so far related to SOC. The first study 
was conducted by Amare et al. (2013) to evaluate the 
feasibility of visible and near-infrared (VNIR) soil 
spectroscopy for predicting SOC in the highlands of 
Ethiopia. A second study was conducted by Amare 
(2018) to assess the long-term impact of sustainable 
land management practices in the three watersheds 
(Anjeni, Andit-Tid, and Maybe) which are still being 
used as soil water conservation sites by the soil con-
servation research program (SCRP). The above stud-
ies were mainly focused on the calibration of VNIR 
soil spectroscopy and soil C, with less emphasis 
on the soil C stock change and C sequestration and 
changes of the various C pools at the watershed level. 
Thus, this study assessed the current C stock and C 
sequestration potential of the soil with the historical 
SOC record of the Anjeni watershed as regular evalu-
ation of the watershed is vital to detect the effect of 
soil conservation works in the watershed.

Considering the previous studies, it is of para-
mount importance to have an in-depth evaluation of 
slope gradient and land use change impact on soil C 
stock and soil properties to examine the effect of soil 
conservation work in the watershed. Based on the 

current dataset, regular assessment of soil C stock, 
sequestration, and LULC change is crucial for endorse-
ment of the conservation and improvement of soil C 
stocks. Most importantly, understanding and predict-
ing the dynamics of SOC and the response of soil to 
the change in land use/cover and slope gradient are 
important to carry out development activities at the 
watershed scale. The output will help policymakers, 
and governmental and non-governmental institutions 
to stipulate the appropriate soil conservation measures 
that must be taken immediately if soil C and productiv-
ity are to be maintained. Soil water conservation works 
have been carried out in the Anjeni watershed as it has 
been exposed to significant losses of natural resources 
due to unwise exploitation of natural resources, and 
mismanagement of resources. Therefore, this study 
was conducted to (1) quantify the impact of slope 
gradient on SOC stock and selected soil properties 
in Anjeni watershed, and (2) determine the impact of 
LULC change on selected soil properties and SOC 
stock over the period 1997–2021 in Anjeni watershed.

Materials and methods

Study area description

Location

The research was carried out in the Anjeni watershed 
at 10°40′59 ″N latitude and 37°31′57″E longitude, in 
the Amhara region, Dembecha district, Northwestern 
Ethiopia (Fig.  1). The mean elevation of the Anjeni 
watershed varies from 2100 to 2500  m. The model 
Anjeni watershed that is soil and water conservation 
research site was established in March 1984 by SCRP 
(Soil Conservation Research Project). The watershed 
is still being used as a soil and water conservation 
research site by the Amhara Regional Agricultural 
Research Institute (ARARI). The area of the Anjeni 
watershed is about 108.3 ha.

Climate

The climate data recorded at Anjeni station from 1984 to 
2017 indicates that the study area climate is characterized 
by a wet sub-humid agro-climate zone. The rainy season 
starts in mid-April and ends in October. The maximum 
monthly rainfall is received in July (Fig. 2). The mean 
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monthly maximum and minimum temperatures are 
22 °C and 9 °C, respectively. The main reasons for focus-
ing on this watershed are the benefits of the watershed 
with a hydro-meteorological monitoring system and the 
availability of long-term data on rainfall, temperature, 
and soil characteristics since 1984.

Geology and soils

Based on Kejela (1995), the geology of the Anjeni 
area consists of the Precambrian basement complex 
covered by Mesozoic sediments, on top of which lies 
the trap basalt series. Anjeni area has developed from 
these basalts and their derivate, the volcanic ashes 
that occur with them, and mixtures of reworked mate-
rials from all these sources. Anjeni’s soil is divided 
into 8 major soil units and 10 subgroups (Alemu 
et al., 2013). Alisols occupy 41% of the total land area 
of the catchment area and occupy the depressions 

of the land unit at the bottom of the valley and the 
foot of the hill. Medium-deep Nitisols account for 
23.8% of the land cover found in the gently sloping 
convex to straight land units of the catchment area. 
Regosols and Leptosols (12.4%) occupy the convex-
shaped steepest land units. Moderately deep Dystric 
Cambisols (19%) occupy the hilltop of the catchment 
and are partly found in the medium steep sloped land 
units. However, the various land units in the catch-
ment area also contain small amounts of Luvisols, 
Lixisols, and Acrisols.

Land use and cover (LULC)

The major land use and cover type found in the 
watershed are mainly cultivated land, grassland, fal-
low land, and plantation forest (Table 1). Cultivated 
land accounts for approximately 66% of the total land 
cover (Alemu et al., 2013).

Fig. 1  Location map of Anjeni watershed and soil sampling sites (red triangle Gete sample point and green circle Bethel sample point)
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Demographic and socio‑economic settings

The farming system in Anjeni is a mixed type (grain 
and livestock production) of agriculture and produc-
tion is rainfed and cereal-dominated (Alemu et  al., 
2013). Within 38  years, the population density of 
the Anjeni region increased by 185% from 43.85 per 
square kilometer in 1957 to 125.26 per square kilo-
meter in 1995 (Zeleke & Hurni, 2001). Heavy popu-
lation pressure, relatively high annual rainfall, and 
intensive crop production (mainly teff, barley, wheat, 
beans, peas, and niger seeds) are causing serious soil 
erosion damage in the central part of the research 
unit Kejela (1995).

Sampling and data collection

Dataset for land use land cover analysis

For this study, the three Landsat imageries (Landsat-5, 
Landsat-7, and Landsat-8) of different bands were 
downloaded from the United State Geological Survey  
(USGS) EarthExplorer with no clouds cover and  
imageries were analyzed using ArcGIS 10.7 to detect 
land use land cover changes in Anjeni watershed. The 
acquisition dates (Table 2) of the acquired images were 
in the dry season of nearby months of December and  
January to minimize the effects of seasonal variations 
in vegetation patterns and distribution. The reference  

Fig. 2  Average monthly 
rainfall (mm) and maximum 
and minimum temperatures 
(°C) at Anjeni watershed 
(1984–2017). Climate data 
obtained from the Water 
and Land Resource Centre

Table 1  Description of 
LULC classes (Zeleke & 
Hurni, 2001)

LULC category Land cover description

Cultivated land (CL) Areas intended for rainfed and irrigated cultivation
Grassland (GL) Permanent covered with grass, an area meant for 

grazing; mostly communal areas
Fallow land (FL) Dominantly small trees, bushes, shrubs, and some-

times with sparse large trees
Plantation forest (PF) Areas covered by both natural and planted trees
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data used for the land LULC accuracy assessment was 
obtained using Global Positioning System (GPS) in the 
watershed. Besides Google Earth reference data, primary 
data was collected from Anjeni watershed to moderate the 
error while we classify LULC and precision assessment.

Landsat imageries downloaded from USGS are 
geometric and radiometric corrected, but the image-
ries were preprocessed and prepared properly so 
that inaccuracy due to atmospheric effects could be 
accounted for. Band combinations of 2, 3, and 4 were 
used for the land use land cover analysis (Getahun 
& Haj, 2015). Pixel-based supervised image clas-
sification method was used for this study using a 
maximum likelihood classifier (algorithm) environ-
ment. In the process of supervised classification, pix-
els that can be easily recognized and represent land 
use patterns were selected or identified with the help 
of Google Earth. Training samples for supervised 
classification were selected knowing the watershed, 
GPS data, and desired classes of LULC. By prior-
itizing these classes, we monitored the classification 
of pixels to which class values were assigned. Dur-
ing image classification, previously collected photo-
graphs of the watershed and Google Earth were used 
as a reference. Finally, for the Anjeni watershed, five 
classes of LULC identified were fallow land, cultiva-
tion land, settlement, grassland, and plantation forest.

Image accuracy assessment The accuracy assess-
ment checks how much a classified image agrees with 
reference data (assumed true data). Most quantitative 
methods for assessing classification accuracy use an 
error matrix constructed from two datasets: remotely 
sensed map classification and Google Earth refer-
ence data. Google Earth provided the reference data. 
A contingency matrix was used to compare the refer-
ence data acquired for each class type to the catego-
rized image (Table 2).

Soil sampling and data

• Historical soil data
The historical SOC, bulk density, and soil depth data-
sets were obtained from Amhara Regional Agricultural 
Research Institute (ARARI) from a study conducted 
by Zeleke and Hurni (2001). First, the historical data-
sets were compared and matched with the current data  
(2021). Then, out of the soil pit samples collected by 
Zeleke and Hurni (2001) in 1997, sixteen pits that matched 
with current study sample location, slope gradients,  
and depth (Fig. 1) were taken to examine the soil car-
bon change. For the historic data, there were mini-
mum of three and maximum four soil pit per land use 
land cover type. However, unlike slope gradient and  
soil depth, some land use land covers of the current 
soil samples were not the same as the historic soil 
data. Therefore, if change in land use land cover was 
observed, the change in organic carbon stock and car-
bon sequestration was quantified separately respective 
to the changed land use land cover (Table 3).

• Soil sampling and collection
The entire watershed was divided into three slope 
gradient categories: gentle slope (1–15%), moder-
ate slope (15–30%), and steep slope (> 30%). After 
identifying the major land use cover types in each 
slope category, soil samples were taken from four 
land cover types in each of the three slope catego-
ries. The soil was sampled from 0–15 and 15–30 cm 
soil depth according to IPCC recommendations to 
determine soil carbon stock (IPCC, 2003). Addi-
tional undisturbed soil cores were sampled from two 
depths (0–15 and 15–30 cm) for the determination of 
bulk density. A systematic sampling method on simi-
lar land uses close to the historical sampling points  
was applied to match historic soil datasets with the 

Table 2  Satellite imagery 
used for the study

Satellite sensor Path/row Acquisition date Number of 
bands

Spatial 
resolution 
(m)

Landsat-5 TM 169/53 12/01/1984 7 30
Landsat-5 TM 169/53 23/12/1993 7 30
Landsat-7 ETM+ 169/53 03/01/2002 8 30
Landsat-7 ETM+ 169/53 22/12/2011 8 30
Landsat-8: OLI 169/53 28/01/2021 11 30
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current sampling points for the soil C stock change  
analysis. Sixteen new soil samples were collected follow-
ing the same route of 16 pits that were reported by Gete 
(2000) and Zeleke and Hurni (2001) in 1997. Approxi-
mately 1.0  kg of composite sample was taken from  
each sampling point and put in plastic bags, secured, 
and labeled. A total of 72 disturbed soil samples (4 
land use cover categories, 2 depths, 3 replicates, and 
3 slope gradient categories) were collected. All sam-
pling points were georeferenced by taking the coor-
dinates using a GPS. Soil laboratory analyses were 
performed at Debre Berhan University and Debre  
Berhan Agricultural Research Center, Ethiopia.

• Soil laboratory analysis and harmonization of 
historical and current datasets
In the current field-measured soil parameters, bulk 
density was determined by the core method (Blake 
& Hartge, 1986). Soil particle size distribution was 
determined by the Bouyoucos hydrometric method 
(Bouyoucos, 1962). Soil pH was determined in a 
1:2.5 soil:water ratio using a pH meter as described 
by Thomas (1996). The Walkley and Black wet 
digestion method was used to estimate the SOC con-
tent as described by Nelson and Sommers (1982). 
Total nitrogen was analyzed using the Kjeldahl diges-
tion distillation and titration method as described by 
Bremner and Mulvaney (1982). The available phos-
phorous was analyzed using the Olsen method (Olsen 
& Dean, 1965). Exchangeable cations  (Ca2+,  K+, 

 Mg2+, and  Na+) were determined in a 1.0 M ammo-
nium acetate  (NH4OAc) solution buffered at a pH of 
7.0. Exchangeable Ca and Mg were analyzed using 
an atomic absorption spectrometer, while Na and 
K were analyzed by a flame photometer (Thomas, 
1982). Cation exchangeable capacity (CEC) was esti-
mated from the distillation of ammonium that was 
displaced by sodium (Chapman, 1965).

Current data had to be harmonized in deriving 
SOC change between 1997 and 2021. For this pro-
cess, a data harmonization procedure was followed 
(Ross et  al., 2015). Current soil samples taken from 
the watershed were from two depths at 0–15 and 
15–30 with three replications, but the historical soil 
samples were from different depths. Soil organic C 
stock was calculated using the depth-weighted aver-
age of the horizons (Xiong et  al., 2014). Harmoni-
zation is performed by establishing benchmark sites 
(Hartemink et al., 2014).

Soil organic carbon stock and carbon sequestration 
rates calculations

Soil organic carbon stock was calculated using the 
following equation (Henry et al., 2009):

(1)

SOC Stock (Mg C ha−1

= ((SOC∕100)∗� ∗ SD) ∗100

Table 3  Summaries of land 
use land cover change in 
the Anjeni watershed from 
1984 to 2021

LULC type Land use land cover (ha)

1984 1993 2002 2011 2021

Cultivated land 76.45 86.8 83.72 85.03 78.71
Fallow land 6.54 1.7 2.23 3.75 3.22
Grassland 21.71 12.81 14.47 8.24 7.83
Plantation forest 3.32 6.71 7.6 8.47 13.56
Settlement 0.00 0.00 0.00 2.53 4.70
Total 108.02 108.02 108.02 108.02 108.02

Land use land cover change (ha) 1984–2021

1984–1993 1993–2002 2002–2011 2011–2021 1984–2021

Cultivated land 10.35  − 3.08 1.31  − 6.32 2.26
Fallow land  − 4.84 0.53 1.52  − 0.53  − 3.32
Grassland  − 8.9 1.66  − 6.23  − 0.41  − 13.88
Plantation forest 3.39 0.89 0.87 5.09 10.24
Settlement 0.00 0.00 2.53 2.17 4.70
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Fig. 3  Land use land cover map of Anjeni watershed: a Landsat-8 for 2021, b Landsat-7 (ETM+) for 2011, c Landsat-7 (ETM+) for 
2002, d Landsat-5 for 1993, and e Landsat-5 for 1984
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where ρ is the soil bulk density (g  cm−3), SD is the 
soil depth of the sampling layer (cm), and 100 was 
used to convert the unit to t C (Mg C  ha−1). The SOC 
sequestration rates were calculated according to the 
following questions (Ross et al., 2015):

where H is the past (1997) SOC record, C is the current 
(2021) SOC record,  YMC is the current measurement 
year (C), and NY is the number of years between his-
torical and current observations (NY) =  YMC −  YMH, 
SOC is SOC stocks in  g−2,  SOCseq is the SOC seques-
tration rate (g  m−2  year−1) or its equivalent constrained 
to collocated historical and current sites  (x0), and  x0 is 
the geographic coordinate (x and y coordinates) of col-
located sites. A positive SOCseq value represents an 
increase (isolation) in soil carbon, and a negative SOC-
seq value represents a loss of soil carbon during the 
period under consideration.

Statistical analysis

Before performing the ANOVA, we used a graphi-
cal Q-Q plot test to evaluate whether the data were 
normally distributed and met ANOVA’s assump-
tions. The physical and chemical properties of the 
soil obtained were subjected to three-way analy-
sis using SAS 9.2 version. A general linear model 
(GLM) was used to analyze the effects of land 
cover changes and gradient changes on depend-
ent variables and their interaction effects. Fisher’s 
least significant difference (LSD) was used to 
separate means from significant treatment effects 
(p ≤ 0.05).
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Results and discussion

Land use land cover (LULC) change detection analysis

The LULC change analysis was carried out every 
9/10-year interval starting from 1984 to 2021; it was 
processed in 1984, 1993, 2002, 2011, and 2021. As 
the LULC change is a slow process and its trend was 
performed every 10- and/or 9-year intervals (Hassan 
et  al., 2016; Pandi et  al., 2022). The LULC change 
detection analysis indicated that cultivated (agricul-
tural) land was the dominant land cover that covers 
above 76 hectares (Table 3) during the last 37 years 
(1984–2021). Grassland was the second dominant 
land use type in the watershed in the years 1984, 
1993, and 2002, excluding the recent years in 2011 
and 2021. Plantation forest and settlement areas 
have increased in recent years especially in 2011 and 
2021 (Table 3) as compared to the past years (1984, 
1993, and 2002), while grassland has decreased in 
recent years (2011 and 2021). The extent of settle-
ment in 1984, 1993, and 2002 was not noticeable, but 
in recent years it has become more visible (Fig.  3). 
Analysis of the 2021 images revealed that cultivated 
land occupied the largest area (78.7 ha) followed by 
plantation (13.6 ha). The increase in settlement areas 
in the watershed indicated the expansion of popula-
tion growth. Grassland depletion may be associated 
with high population demand for various agricultural 
practices and increased plantations and settlements. 
The increase in plantation forests in the watershed 
was due to the development or conservation work 
over the last 30 or more years as Anjeni is a model 
watershed in the region.

Overall, plantation forest and settlement land uses 
showed a constant or positive trend (Table 4). Agricul-
tural land coverage increased in 1984–1993, 2002–2011, 
and 1984–2021, but the rate of change showed a 

Table 4  Rate of land use 
land cover change at Anjeni 
watershed since 1984

LULC types Rate of LULC change ha year − 1

1984–1993 1993–2002 2002–2011 2011–2021 1984–2021

Cultivated land 1.15  − 0.34 0.14  − 0.63 0.06
Fallow  − 0.54 0.05 0.16  − 0.05  − 0.08
Grassland  − 0.99 0.18  − 0.69  − 0.04  − 0.37
Plantation forest 0.37 0.09 0.09 0.50 0.27
Settlement 0.00 0 0.28 0.21 0.12
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declining trend in 1993–2002 and 2011–2021 with an 
increase in fallow land, grasslands, plantation forest, and 
settlement, respectively. Between 1984 and 1993, the 
rate of change in grassland was very slow compared to 
other years (− 0.99 ha/year). The rates of change in plan-
tation forest and settlement areas noticeably increased 
continuously between 2011 and 2021 with a net rate 
of change of 0.50 and 0.21 ha/year, respectively. These 
could be due to the conservation effort and increased 
population density in the Anjeni watershed. Grasslands 
decreased throughout the study period, while plantation 
forests rate increased throughout the study period.

The transition matrix (Tables 5, 6, 7, and 8) showed 
the transition from one land cover class to another in 
different years. An area of grassland (21.8  ha) and 
fallow (7.5 ha) has been converted to cultivated land 
and plantation forest from 1984 to 1993, resulting in 
a net increase of 11.1 and 3.9  ha of cultivated land 
and plantation forest, respectively (Table 5). Between 
2002 and 2011, 14.47 hectares of grassland was con-
verted to either cultivated land, fallow land, planta-
tion forests, or settlement (Table 7), resulting in a net 
increase of 2.50 ha of cultivated land, 1.5 ha of fallow 
land, 0.8 ha of plantation forest, and 2.4 ha of settle-
ment areas. Between the years 2011–2021, there have 

been net gains in plantation forests (5.10 ha) and set-
tlement areas (2.10 ha), whereas there were decreases 
in grassland by 0.40 ha and cultivated land by 6.20 ha 
and fallow land by − 0.50 ha (Table 8). The increase 
in plantation forest and settlement areas in the years 
2002–2011 mainly comes from the decrease in grass-
land and fallow land cover. Even though cultivated 
land has an increasing trend in the referenced year 
it does not show a consistent pattern throughout the 
year. This could be related to the conservation effort 
that was taken in the study watershed.

Soil bulk density and particle size distribution

Soil bulk density showed a significant (p < 0.05) inter-
action effect between LU type and slope gradient 
(Table 9). Cultivated land and steep slopes had higher 
soil bulk density than plantation forests and gentler 
slopes. This could be due to silt transportation, high 
organic matter content, and soil porosity of the soil that 
moves down toward the gentler slope because of heavy 
rainfall (Stavi et al., 2008). Thus, steep slopes have a 
more significant impact on soil composition than sur-
faces with a slight slant (Hu et al., 2019). According to 
Landon (2013), the bulk density of clay, clay loam, and 

Table 5  Land use land 
cover change (LULC) 
transition matrix between 
1984 and 1993

LULC 1993

LULC type Cultivated land Fallow land Grass land Plantation 
forest

Loss

LULC 1984 Cultivated land 69.8 0.7 2.8 2.8 76.2
Fallow land 4.5 1.1 0.7 1.2 7.5
Grassland 12.1 1 8 0.8 21.8
Plantation forest 0.8 0.1 0 1.8 2.7
Gain 87.2 2.8 11.6 6.6 108.3
Net change 11.1  − 4.7  − 10.2 3.9
Net persistence ratio 0.2  − 4.3  − 1.3 2.1

Table 6  Land use land 
cover change (LULC) 
transition matrix between 
1993 and 2002

LULC 2002

LULC type Cultivated land Fallow land Grass land Plantation 
forest

Loss

LULC 1993 Cultivated land 77.2 1.5 6.7 2.1 87.6
Fallow land 0.6 0.4 0.3 0.3 1.6
Grassland 2.7 0.1 8.3 0.5 11.5
Plantation forest 1.6 0.2 0.1 5.8 7.7
Gain 82.2 2.2 15.4 8.6 108.3
Net change  − 5.3 0.6 3.9 0.9
Net persistence ratio  − 0.1 1.5 0.5 0.2
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silt loam soils ranges from 1.00 to 1.60 g  cm−3. There-
fore, compaction was minimal for surface mineral 
soils in all the land uses and slope gradients (Table 9). 
Thus, its effect on crop cultivation and root penetration 
can be also minimal. Similar results were reported by 
Selassie et al. (2015) in a study at the Zikre watershed, 
in the northwestern part of Ethiopia.

The highest mean soil bulk density (ρb) values 
were recorded for cultivated land (1.30 g   cm−3) fol-
lowed by grassland (1.19  g   cm−3) and fallow land 
(1.18  g   cm−3). The lowest mean soil bulk density 
was observed under plantation forest (1.08  g   cm−3). 
The high soil bulk density values in cultivated land 
were associated with low OM content (Table 9), and 
no compaction impact due to conventional tillage. 
Another study conducted around Bale mountains, 
south Eastern Ethiopia, also showed that bulk density 
was high in cultivated land (Warra et  al., 2015). In 
contrast with this study, Yared et al. (2018) reported 
the highest bulk density value in fallow land than in 

cultivated land or grassland. The highest bulk density 
is detected in Gumara watershed grassland as a result 
of high compaction resulting from intensively grazing 
animals (Wubie et al., 2016). It is known that defor-
estation and continuous tillage increase bulk density. 
The high value of bulk density in cultivated land 
means that the amount of water in the field is low in 
the soil. Furthermore, low bulk density in plantation 
forests indicates less compaction and can retain more 
water (Kakaire et al., 2016).

In addition, the highest mean soil ρb was exhib-
ited by the steep slope (1.27 g  cm−3) followed by the 
moderate (1.16 gm  cm−3) and gentle (1.14gm  cm−3) 
slopes. The high ρb value on steep slope could be due 
to the removal of fine particles from the steep slope 
and might lead to a high concentration of coarse par-
ticles. Similarly, Wubie and Assen (2020) reported a 
significantly high soil ρb value at the steep slope in 
a study at the Gumara watershed in upper Blue Nile. 
The present result indicated that the slope gradient 

Table 7  Land use land cover change (LULC) transition matrix between 2002 and 2011

LULC 2011

LULC type Cultivated land Fallow land Grassland Plantation 
forest

Settlement Loss

LULC 2002 Cultivated land 73.6 2.2 1.6 2.9 1.9 82.2
Fallow land 1.2 0.9 0.1 0.3 0 2.5
Grassland 8.2 0.6 6.9 0.1 0.2 16
Plantation forest 1.6 0.4 0.2 5.3 0.3 7.7
Settlement 0 0 0 0 0 0
Gain 84.7 4 8.8 8.5 2.4 108.3
Net change 2.5 1.5  − 7.2 0.8 2.4
Net persistence ratio 0 1.7  − 1.1 0.2 2.4

Table 8  Land use land cover change (LULC) transition matrix between 2011 and 2021

LULC 2021

LULC type Cultivated land Fallow land Grass land Plantation forest Settlement Loss

LULC 2011 Cultivated land 72.9 2 1.6 6.2 1.8 84.6
Fallow land 1.5 1.2 0.2 0.8 0.1 3.8
Grassland 1.6 0.1 5.7 0.6 0.3 8.2
Plantation forest 2.1 0 0.1 5.9 0.3 8.4
Settlement 0.3 0 0.1 0 3 3.4
Gain 78.4 3.2 7.8 13.5 5.4 108.3
Net change  − 6.2  − 0.5  − 0.4 5.1 2.1
Net persistence ratio  − 0.1  − 0.5  − 0.1 0.9 2.1
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led to a significant variation in the soil bulk density. 
The soil ρb varies due to the history of land manage-
ment and land use conversion (Chemistry, 2014).

The bulk density was inversely related with the SOC 
stock, which implies that the lower SOC typically leads 
to higher bulk density as SOC has very low density (i.e., 
weight per unit volume) (Hartemink et  al., 2014; Liu 
et al., 2011; Yuan et al., 2019). The bulk densities at the 
two soil depths were not significantly (p > 0.05) varied 
in the study area. However, the mean value of soil bulk 
density (1.19 gm  cm−3) was higher in the 15–30 cm soil 
depth. The higher value of soil bulk density in the sub-
surface is associated with subsurface layers being more 
compacted and having less OM, less soil accumulation, 
and less root penetration than surface layers (Blake & 
Hartge, 2018).

The soil clay and sand content exhibited a statis-
tically significant (p < 0.05) interaction with land 
use type and soil depth. The high clay content in the 
fallow land and higher accumulation of clay in the 
15–30 cm soil layer could be related to trapping silt 

and clay. Thus, an increased rate of clay accumula-
tion in subsoil horizons. The second reason may be 
the contribution of in situ synthesis of secondary clay, 
or the residual concentration of clay due to coarser 
particle size (Fite, 2017). The relatively higher sand 
content in the grassland and accumulation of sand in 
the upper 0 to 15  cm soil layer confirmed that ero-
sion is a selective process. As a result, clay and silt 
particles are removed due to high rainfall, and over-
grazing in the grassland leaves coarse debris (Wubie 
& Assen, 2020). The sand fraction showed a signifi-
cant (p < 0.05) variation among the LU types, slope 
gradients, and soil depths. The overall mean values 
of clay fractions were high in all land use types and 
slope gradients. Significantly (p < 0.05) higher sand 
fraction (16%) was under grassland, and the lowest 
(12%) was recorded under fallow land. A related con-
clusion was made by Assefa et al. (2020), who found  
a greater sand fraction in cultivated land and grass-
land followed by the forest land in the Kabe water-
shed of Wereilu, Ethiopia.

Table 9  Mean and standard deviation values of bulk density (g  cm−3) and particle size distribution at Anjeni watershed

Means ± standard errors. Different letters within a column are significantly different at p < 0.05 (Fisher’s LSD)
Significantly different * significant at p = 0.05 and ns, non-significant
LU land use, SG slope gradient, SD soil depth, C clay, ρb bulk density

Factors Attribute of factors ρb (g  cm−3) Particle size (%) Textural class

Clay Silt Sand

Land use type Cultivated land 1.30 ± 0.20a 63.61 ± 4.88 21.94 ± 5.13 14.44 ± 5.02ab C
Fallow land 1.18 ± 0.00b 66.20 ± 7.92 21.33 ± 7.39 12.44 ± 4.93b C
Grassland 1.19 ± 0.06b 61.80 ± 6.49 22.72 ± 5.38 16.06 ± 4.90a C
Plantation forest 1.08 ± 0.09c 64.67 ± 5.74 21.11 ± 5.91 14.89 ± 5.62ab C
p-value  < 0.0001 0.86 0.69 0.04

Slope gradient Gentle slope 1.14 ± 0.08 61.20 ± 6.86 24.12 ± 7.76 15.56 ± 6.04 C
Moderate slope 1.16 ± 0.09 66.22 ± 6.86 21.09 ± 4.83 12.69 ± 5.28 C
Steep slope 1.27 ± 0.21 65.00 ± 4.34 20.00 ± 3.65 15.00 ± 3.68 C
p-value 0.676 0.48 0.91 0.06

Soil depth 0–15 1.18 ± 0.17 63.24 ± 6.40 21.75 ± 5.49 15.59 ± 5.17a C
15–30 1.19 ± 0.12 64.94 ± 6.43 21.8 ± 6.43 13.26 ± 4.99b C
p-value 0.62 0.29 0.98 0.04
LU*SG 0.0005** 47.07 ns 19.62 ns 34.81 ns
LU*SD 0.66 ns 93.24** 64.51 ns 58.69**
SG*SD 0.37 ns 58.85 ns 16.84 ns 13.02 ns
LU*SG*SD 0.66 ns 20.35 ns 41.50 ns 9.97 ns
CV % 8.73 8.75 27.27 27.81
Error 0.01 31.45 35.28 16.17
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Statistical analysis of soil particle size distribution 
and slope gradient revealed no significant (p > 0.05) 
difference. The mean value of clay was > 35%. 
According to the USDA soil texture triangle, this soil 
is fine texture soil. Soil particle size varies with land 
use change and slope gradient; however, it is a slow 
process and could be related to the management of 
soil resources and poor soil and water conservation 
practices (Mekuria et al., 2013).

Soil pH

Soil pH  (H2O) showed significant interaction (p < 0.05) 
with land use types and slope gradient (Table  5). A 
higher value of pH in grassland use and a moderate slope 
could be related to the high buffering capacity of organic 
matter and the less leaching of basic cations. However, 
there were no significant differences in the variation of 
soil pH with land use and slope gradient in the Anjeni 
watershed. The highest pH value was recorded in the 
grassland (5.49) and the lowest in the plantation forest 
land use type (5.18). These results were in agreement 
with Alemu (2015) for the highlands of Ethiopia which 
explained the relatively low pH value of plantation forest 
soil due to the uptake of basic cations in tree biomass and 
the acidic nature of the decomposed litter of the tree spe-
cies. The pH value in the study area was rated acidic to 
slightly acidic (Tadesse et al., 1991). The pH value in the 
Anjeni watershed is associated with heavy rainfall, acidic 
parent material, and organic matter decay.

Considering the slope gradient, a significantly 
(p < 0.5) higher pH value was recorded at the steep 
slope (5.32) and the lowest (5.22) was recorded at 
the gentle slope. In contrast with our results, Wubie 
and Assen (2020) reported a high pH value in gentle 
slopes compared to steep slopes due to the accumula-
tion of base cations. Generally, soil pH is a good indi-
cator of soil health because soil pH affects nutrient 
availability (Medinets et al., 2015).

Statistically significant (p < 0.05) variation in soil pH 
(KCl) was detected due to the land use types and slope 
gradient (Table 10). Accordingly, the highest pH value 
(4.16) was recorded under the grassland, while the low-
est (3.88) was under fallow land. Similarly, the highest 
pH value (4.16) was found on the steep slope as com-
pared to the gentle (4.05) and moderate (3.82) slopes. 
This is most likely due to erosion on steep slopes and 
exposure of subsoil. Subsoils typically have higher pH 
due to accumulation (illuviation) of basic cations.

Soil organic carbon, total nitrogen, and  
available phosphorus

Soil organic carbon content was significantly 
(p < 0.05) different due to the land use type and slope 
gradient (Table 10). A higher value of SOC in plan-
tation forests and gentler slopes could be associated 
with land use and slope (topography) since they are 
some of the soil’s forming factors (Bizuhoraho et al., 
2018). The SOC variability in this watershed study 
could be due to the interaction of these two factors 
and the perpetual removal of organic nutrients from 
the steeper slopes. The land use and slope gradient 
are factors in controlling SOC.

Plantation forests had the highest SOC (1.94%) rel-
ative to the other land use types, and the lowest SOC 
was observed for cultivated land (1.38%). The signifi-
cantly higher SOC in plantation forests may be due 
to the litterfall on the soil surface and high biomass 
production, which resulted in high biological activity 
in the soil and on the soil surface (Lal et al., 2015).

Decreased SOC content in cultivated land is often 
associated with residue removal and lack of crop rotation 
(Boix-Fayos et  al., 2009) and rapid decomposition and 
mineralization of SOM (Ritchie, 2014). Continuous cul-
tivation negatively affects the soil moisture and aeration 
resulting in the oxidation of SOM and reduction in SOC 
through harvesting of plants and plant residue input.

The SOC content was relatively higher in the gen-
tle slope (1.77%) than in the steep slope gradient 
(1.49%). Various factors may contribute to the rela-
tively high SOC content in the gentle slope gradient 
of the watershed. This may be due to prolonged fal-
low periods and differences in geomorphological ero-
sion processes compared to steep slopes, which likely 
had higher soil erosion. Betemariyam et  al. (2020) 
reported similar results for Jimma in the southwestern 
part of Ethiopia. Therefore, the soil and water conser-
vation on the steeper slopes of the Anjeni watershed 
might have contributed to the SOC increase in the 
area. Also, a statistically significant (p < 0.05) higher 
SOC value (1.69%) was recorded for the top 0–15 cm 
soil depth compared to the 15–30 cm depth.

Total nitrogen exhibits a statistically significant 
(p < 0.05) interaction between land use and slope 
gradient. The higher amount of TN in the plantation 
forest could be due to the presence of nitrogen-fixing 
plants. The second reason could be the high organic 
matter, a major source of TN in the plantation forest.
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The highest TN was recorded for plantation for-
est (0.22%) followed by grassland (0.19%), fallow 
(0.17%), and cultivated land uses (0.16%). The low 
TN in the cultivated land often is associated with the 
limited application and/or use of nitrogen inputs and 
removal of plant and animal residue. This study find-
ing is in agreement with Abera and Belachew (2011) 
indicating the lower value of TN was recorded in ara-
ble land uses at different soil depths. This study result 
was in line with Wubie and Assen’s (2020) study in 
the Gumara watershed of the upper Blue Nile. The 
considerably higher amount of TN in the plantation 
forest resulted from nutrient recycling.

The TN content in the Anjeni watershed was rated 
as high according to Landon (2013). The mean TN in 
the soil declined substantially from 0.21% in the gen-
tler slope to 0.17% in the steeper slope of the water-
shed. The lower TN value in the steep slope areas 
could be associated with the accumulation of eroded 
deposits. A similar result was reported by Yared et al. 
(2018) in a study conducted in Eastern Ethiopia. The 
depth of the soil and TN content do not show any 

significant (p > 0.05) difference in the study watershed. 
Loss of N in the soil occurs by volatilization, leaching, 
or decrease in an OM when forest or grassland cover is 
changed into other LULC types (Zhu et al., 2019).

Available phosphorus did not exhibit a significant 
(p > 0.05) interaction between the slope gradient and 
land use types (Table  10). The amount of available 
phosphorous was significantly (p < 0.05) affected by 
LU and SG. A relatively high amount of available phos-
phorous was found in cultivated land (10.4%) and the 
lowest available phosphorous (7.3%) was recorded for 
grassland. The result was in line with the Wubie and 
Assen (2020) findings, which showed that lower phos-
phorus was found in the grassland. The level of avail-
able phosphorous in the watershed is generally rated 
as high (Landon, 2013). The relatively high amount of  
phosphorous in the cultivated land could be associ-
ated with manure and inorganic fertilizers’ application. 
This finding is in agreement with the previous study by 
Jakšić et  al. (2021) in Ghana who reported the high-
est amount of available phosphorus in the arable land. 
On the other hand, the significantly highest amount of 

Table 10  Mean and standard error values of pH  (H2O and KCl), soil organic carbon (SOC), total N (%), average P for different land 
use types, slope gradient, and soil depth at Anjeni watershed

Means ± standard error with different letters within a column are significantly different (p < 0.05) (Fisher’s LSD)
SOC soil organic carbon, TN total nitrogen, Av. P available phosphorus

Factors Attribute of factors pH SOC (%) TN (%) Av. P (%)

H2O KCl

Land use type Cultivated land 5.19 ± 0.36 3.93 ± 0.25b 1.38 ± 0.39c 0.16 ± 0.04c 10.40 ± 2.21a
Fallow land 5.30 ± 0.31 3.88 ± 0.74b 1.51 ± 0.32bc 0.17 ± 0.04bc 08.92 ± 2.08b
Grassland 5.49 ± 0.16 4.21 ± 0.11a 1.63 ± 0.28b 0.19 ± 0.05ab 07.31 ± 1.42c
Plantation forest 5.18 ± 0.13 4.03 ± 0.11ab 1.94 ± 0.57a 0.22 ± 0.11a 07.45 ± 1.71c
p-value 0.41 0.05  < 0.0001 0.0003  < 0.0001

Slope gradient Gentle slope 5.22 ± 0.28 4.05 ± 0.16 1.77 ± 0.58 0.21 ± 0.09 7.94 ± 1.24
Moderate slope 5.34 ± 0.27 3.82 ± 0.65 1.57 ± 0.32 0.16 ± 0.04 9.75 ± 2.46
Steep slope 5.32 ± 0.30 4.16 ± 0.16 1.49 ± 0.34 0.17 ± 0.05 7.95 ± 2.42
p-value 0.13 0.38 0.55 0.54 0.45

Soil depth (cm) 0–15 5.28 ± 0.30 4.06 ± 0.17 1.69 ± 0.44 a 0.19 ± 0.07 8.61 ± 2.35
15–30 5.29 ± 0.27 3.96 ± 0.56 1.53 ± 0.44b 0.17 ± 0.06 8.42 ± 2.14
p-value 0.73 0.38 0.02 0.09 0.47
LU*SG 0.21** 0.22 ns 0.69** 0.02** 3.44 ns
LU*SD 0.04 ns 0.13 ns 0.01 ns 0.003 ns 3.44 ns
SG*SD 0.08 ns 0.18 ns 0.09 ns 0.00 ns 2.57 ns
LU*SG*SD 0.01 ns 0.12 ns 0.06 ns 0.00 ns 1.78 ns
CV % 4.39 9.11 19.03 24.1 19.35
Error 0.05 0.13 0.09 0 2.72
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available phosphorous was recorded in the moderate 
slope (9.75) compared to the steep slope (7.95) and gen-
tle slope (7.94) positions of the watershed. This implies 
that there was the removal of available phosphorous on 
steep slopes and deposition on the moderate and gentle 
slope of the watershed.

Cation exchange capacity and exchangeable bases

Cation exchange capacity (CEC) did not exhibit a sig-
nificant (p > 0.05) interaction effect between land use and 
slope gradient (Table 11). The mean value of CEC ranged 
from 42.62 to 37.86 cmolc( +)/kg in cultivated and fallow 
land respectively. Higher CEC was found in cultivated, 
plantation, and grasslands compared to fallow land.

The significantly higher CEC of cultivated land 
could be associated with the variation in clay type at the 
study site. Because of the type of clay mineralogy, soils 
with substantially lower clay content may have higher 
CEC (Landon, 2013). The contribution of SOM to 
CEC varies between 25 and 90% (Trivedi et al., 2018). 
Cation exchange capacity primarily varies according to 
the type of clay and SOM; soil OM has both cation and 
anion exchange capacity (Nesic et al., 2015).

The CEC results can sometimes also be used as 
a rough guide to the types of clay minerals present 
(Landon, 2013). Additionally, the dominant soil type 
in the Anjeni area is ALISOLS (AL) which con-
sists of strongly acidic soils with accumulated high-
activity clays in their subsoils. According to Landon 
(2013), soil CEC in all the land uses and slope gradi-
ent was in the range of high to very high for surface 
mineral soils (Table 11).

Except for potassium  (K+), the interaction between 
land uses and slope gradient was statistically non-
significant (p > 0.05) for all measured soil chemi-
cal parameters. The relatively high value of K in the 
grassland use type and gentler slope could be associ-
ated with the high organic matter content of grassland 
as a result of the fast growth and decomposition of 
the grass plant.

A significant (p < 0.05) difference in  Ca+ and  Mg+ 
was found between the land use types. The plantation 
forest had the highest exchangeable  Ca+ (6.01  cmolc( +)/
kg), whereas the grassland soils had the lowest (3.43 
 cmolc( +)/kg). The low  Ca+ content of grassland (3.43 
 cmolc( +)/kg) is most likely associated with cattle graz-
ing leading to  decreases in the source of soil organic 
matter, facilitates litter decomposition, and increases 

leaching which reduces soil organic matter. A similar 
result was reported by Alemu (2015) in a study con-
ducted in the highlands of Ethiopia.

Statistically significant (p < 0.05) variation is 
measured in  K+,  Ca+, and  Na+, among the slope gra-
dient. Higher  K+,  Ca+, and  Na+ were found at gentler 
slopes than at moderate slopes. This could be associ-
ated with the amount of rainfall at the study area, the 
crop cover, and the leaching of basic cations.

Significant (p < 0.05) differences in  K+ with the 
soil depth were recorded. This difference could be 
due to the fertilizer application and decomposed plant 
material. The geology and soil types are often the pri-
mary sources of K variation. If soil is amended with 
copious amounts of compost, plant decays contribute 
to available potassium levels (White & Brown, 2010).

Soil organic carbon stock

The interaction effect between land use type, SOC 
stock, and slope gradient was statistically significant 
(p < 0.05). The SOC stock was relatively higher in 
grasslands (29.86  Mg   ha−1) followed by plantation 
forest (28.26 Mg   ha−1), fallow land (25.68 Mg   ha−1), 
and cultivated land use (21.15 Mg  ha−1) (Table 12). A 
higher value of SOC stock in the grassland could be 
associated with these land use systems having high 
annual biomass dynamics. Because plant productiv-
ity is restricted by precipitation in grasslands, carbon 
stocks are highest in areas in which rainfall is the great-
est (Ontl et  al., 2020). Similarly, grassland C stocks 
decrease with increasing annual temperatures due to 
higher biological activity and decomposition of SOM 
at higher temperatures. Therefore, grassland C stores 
are sensitive to management and vulnerable to soil 
organic carbon loss (Ontl et al., 2020).

The SOC stock changes with slope gradient were 
not statistically significant (p > 0.05). However, it was 
generally higher at gentle slope (27.84 Mg   ha−1) as 
compared to steep slope (26.76 Mg  ha−1) and moder-
ate slope (23.97 Mg  ha−1) areas. The result indicated 
statistically significant (p < 0.05) change in SOC  
stock with the soil depths. This finding is consistent 
with that of Amanuel et al. (2018) at the Birr water-
shed in upper Blue Nile basin, Ethiopia. The rela-
tively high value of SOC stock (28.37 Mg  ha−1) that  
was measured in the top 0–15 cm depth is in line with  
that of Anokye et  al. (2021), where SOC stock sig-
nificantly decreased with soil depth.
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Soil organic carbon stock change from 1997 to 2021

Comparisons of the current SOC stock measured 
with the historical datasets revealed significant SOC 
stock change in 1997 and 2021 (Table  13). A con-
siderably higher SOC stock was recorded in 2021. 
In the historical data (1997), the highest SOC stock 
(71.7 Mg   ha−1) was recorded in grassland while the 
lowest (33.52  Mg   ha−1) was measured in the fal-
low land. Likewise, in the current (2021) land use, 
the highest SOC stock was 121.59  Mg   ha−1, meas-
ured in the grassland, followed by plantation forest 
(103.47  Mg   ha−1). The study result is in line with 
Ibrahim et al. ( 2021) that the soil in grassland is rich 
in organic matter content due to high biomass return.

The highest value of SOC stock change was 
obtained from the conversion of fallow land to 
grassland (77.61  Mg   ha−1) followed by a land 
use conversion from cultivated land to grassland 
(72.03  Mg   ha−1). However, in comparison with his-
torical data, the current data showed a high SOC 
stock increase in all land uses. These could be due to 

the continuous conservation effort taken by the farm-
ers and responsible government bodies. Even though 
there was a decreasing trend in the grassland coverage 
from 21.71 to 7.83  ha in the past two-plus decades, 
still the SOC stock of grasslands was very high.

A recent study on SOC stock and land use change 
reported that the decline of SOC stock by 30 to 80% 
was recorded when forest and grassland use changed 
to cultivated land (Poeplau et  al., 2015). In contrast 
with these losses, land use intensification, especially 
the conversion of cropland to grassland or forests, 
often leads to SOC gain (Wiesmeier et  al., 2019) 
which is in line with this study. Overall, from our 
study, grasslands have a great potential for SOC stor-
age followed by plantation forests, and conservation 
efforts of the grasslands and plantation forests are 
very important. Similar studies reached the same con-
clusion (Wiesmeier et al., 2019).

Land use change is the most dynamic factor in 
SOC stock changes (Wiesmeier et  al., 2019). In the 
last decades, the Anjeni watershed has gone through 
extensive LULC change. The results of this study 

Table 11  Mean and standard error values of CEC,  K+,  Ca+, and  Na+ in different land use types, slope gradient, and soil depth at 
Anjeni watershed

Means and standard errors with different letters within a column are significantly different (p < 0.05) (Fisher’s LSD)
CEC cation exchange capacity, Ca+ calcium, Na+ sodium, Mg+ magnesium

Factors Attribute of factors Exchangeable bases (meq/100 g)

CEC K+ Ca+ Na+ Mg+

Land use type Cultivated land 42.62 ± 5.65a 0.49 ± 0.12ab 4.28 ± 1.21b 1.25 ± 0.74a 3.25 ± 2.12a
Fallow land 37.86 ± 4.93a 0.44 ± 0.07b 4.19 ± 1.59b 0.79 ± 0.56b 3.17 ± 1.82a
Grassland 41.65 ± 9.87a 0.53 ± 0.21a 3.43 ± 1.69b 1.09 ± 0.75b 3.23 ± 1.19a
Plantation forest 42.21 ± 4.84a 0.52 ± 0.14a 6.01 ± 1.76a 0.80 ± 0.67b 1.75 ± 0.89b
p-value 0.17 0.19  < 0.0001 0.16 0.01

Slope gradient Gentle slope 41.42 ± 5.28 0.57 ± 0.14 4.10 ± 1.59 1.39 ± 0.72 3.26 ± 1.65
Moderate slope 40.44 ± 7.58 0.47 ± 0.11 5.11 ± 1.65 0.83 ± 0.63 2.29 ± 1.18
Steep slope 41.36 ± 7.59 0.43 ± 0.14 4.26 ± 2.07 0.92 ± 0.60 2.63 ± 1.22
p-value 0.86 0.48 0.77 0.43 0.06

Soil depth (cm) 0–15 41.09 ± 7.19 0.53 ± 0.15 a 4.59 ± 1.72 1.05 ± 0.69 2.59 ± 1.36
15–30 41.08 ± 6.44 0.46 ± 0.13b 4.36 ± 1.92 1.06 ± 0.71 2.91 ± 1.48
p-value 0.91 0.01 0.28 0.52 0.80
LU*SG 38.39 ns 0.09** 3.14 ns 0.73 ns 0.85 ns
LU*SD 114.5 ns 0.01 ns 1.11 ns 0.07 ns 0.34 ns
SG*SD 16.53 ns 0.00 ns 2.26 ns 0.26 ns 0.66 ns
LU*SG*SD 11.12 ns 0.01 ns 3.19 ns 0.29 ns 0.92 ns
CV % 17.3 18.9 31.9 59.3 50.3
Error 48.6 0.01 2.05 0.39 1.91
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indicate that LULC changes between 1997 and 2021 
have led to net SOC gain (Table  13). Though the 
dominant land use type in the watershed was cul-
tivated land, there was an expansion of plantation 
forests due to the conservation efforts. Soil organic 
C sequestration during the current (2021) period 

revealed that there was a net C gain in all the con-
verted and the unconverted land uses. Over the last 
24 years, changes from fallow land to grassland have 
led to an increase of SOC sequestration by 3.23-ton 
 ha−1   year−1. Parallel to this, only a small amount of 
SOC sequestration was observed from the conversion 
of cultivated land to plantation forest, which seems 
unusual. This might be due to lower soil bulk density 
and young forest stand (Padbhushan et al., 2022). The 
small change in SOC stock when converting culti-
vated land into plantation forest can be attributed to 
several factors like the initial soil condition, manage-
ment practice, vegetation type, soil depth, and climate 
and environmental factors (Yuan et al., 2021).

It is important to note that these factors are not 
exhaustive and that site-specific conditions and man-
agement practices can play a significant role in deter-
mining the impact of converting cultivated land into 
plantation forest on SOC stock. Long-term monitoring 
and careful assessment are necessary to accurately eval-
uate SOC changes in response to land use conversions.

Based on the analysis of this study, the grassland 
and plantation forests have acted as a net sink for 
atmospheric carbon over the past 24  years in the 
Anjeni watershed. Over the past 24  years, planta-
tion forest coverage has increased from 3.32  ha in 
1997 to 15.56  ha (Table  4), which leads to a net 
gain in carbon. A relatively small change in SOC 
stocks can have a significant impact on the net flux 
of GHG between the soil and the biosphere (Singh 
& Benbi, 2018).

Table 12  Soil organic carbon stock (Mg  ha−1) of different 
land use types and slope gradient

Factors Attribute of factors SOC stock (Mg 
ha−1)

Land use type Cultivated land 21.15 ± 9.83
Fallow land 25.68 ± 8.78
Grassland 29.86 ± 9.15
Plantation forest 28.26 ± 10.65
p-value 0.03

Slope gradient Gentle slope 27.84 ± 12.23
Moderate slope 23.95 ± 07.73
Steep slope 26.76 ± 09.29
p-value 0.39

Soil depth 0–15 28.37 ± 11.09
15–30 23.99 ± 08.23
p-value 0.04
LU*SG 0.01
LU*SD 0.62
SG*SD 0.29
LU*SG*SD 0.34
CV % 31.80
Error 69.62

Table 13  Comparison of 
the historical soil organic 
carbon SOC stock (1997) 
with the current (2021) 
stock

Land cover type changes Historic 
(1997)
SOC stock 
(Mg  ha−1)

Current 
(2021)
SOC stock 
(Mg  ha−1)

SOC stock 
change

SOC 
Seq. (Mg 
 ha−1  year−1)

Grassland to plantation forest 71.7 98.21 26.51 1.11
Cultivated land to grassland 49.56 121.59 72.03 3.00
Cultivated land to plantation forest 69.31 78.18 8.87 0.37
Cultivated land to fallow land 64.11 91.05 26.94 1.12
Fallow land to cultivated land 56.45 86.84 30.40 1.27
Plantation to grassland 34.18 78.23 44.05 1.84
Grassland to plantation forest 61.79 103.47 41.67 1.74
Fallow land to grassland 33.52 111.12 77.61 3.23
Grassland to grassland 37.58 51.60 14.01 0.58
Cultivated land to cultivated land 43.84 61.24 17.40 0.72
Plantation forest to plantation forest 68.97 101.10 32.13 1.34
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Conclusions

The positive implication of  soil carbon stock poten-
tial and SOC sequestration is not only to improve soil 
water holding capacity, soil health, fertility, and over-
all productivity of soils, but also to combat climate 
change via mitigation. Implementing climate-smart 
soil water conservation practices that enhance SOC 
stock potential is a sustainable method of managing 
farmlands. However, such practices as crop rotation, 
zero tillage, fallow management, crop cover, and crop 
selection can be time-consuming, expensive, and 
laborious for smallholder farms. Smallholder farms 
in this area require incentive to implement several 
activities that increase SOC sequestration. Implicat-
ing such practices for small farmland can be risky to 
commit to without an immediate financial benefit as 
smallholder farmers want to get benefits seasonally. 
However, in the long run, this can establish a more 
resilient soil that lets farmers produce more and com-
bat the growing effects of climate change.

Thus, this study illustrates the impact of LULC 
change and slope gradient on the soil properties of 
the Anjeni watershed and compares the historical car-
bon stock with the current and potential for the soil 
organic carbon (SOC) stock of the watershed. The 
LULC changes and slope gradient had a major impact 
on the soil’s physical and chemical properties and the 
SOC stock of the watershed. The response of most 
soil parameters to the difference in LULC and slope 
gradient was negative. Most soil parameters showed 
significant changes with land use and slope gradient. 
Furthermore, the differences in slope gradient and 
LULC not only affect the soil’s physical and chemi-
cal properties but also affected the spatial distribution 
and relative SOC stocks. This study only focused on 
the smaller area of the Anjeni watershed which only 
covers 108.3  ha of land. Further research is recom-
mended that covers a larger area to extensively exam-
ine the combined impact of LULC and slope gradient 
on the SOC stock and soil properties.

The findings on the interaction of LULC change 
and slope gradient have further implications for the 
future C stock potential of the soil and SOC seques-
tration under changing climate, and decline in soil 
productivity problem in Ethiopia. The soil and water 
conservation effort in the watershed has significant 
benefit and bearing for improving the soil properties 

of the area as well as the livelihood of the local com-
munities. Thus, increasing the SOC stock could 
reduce the accumulation of atmospheric carbon diox-
ide while also improving the productivity of the land.
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