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strongly influenced by human activities in
contrasting agro-ecological environments
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Abstract

Background: Evaluating the impacts of land-use/land-cover (LULC) changes on ecosystem service values (ESVs) is
essential for sustainable use and management of ecosystems. In this study, we evaluated the impact of human
activity driven LULC changes on ESVs over the period 1982–2016/17 in contrasting agro-ecological environments:
Guder (highland), Aba Gerima (midland), and Debatie (lowland) watersheds of the Upper Blue Nile basin, Ethiopia.

Results: During the study period, the continuous expansion of cultivated land at the expense of natural vegetation
(bushland, forest, and grazing land) severely reduced the total ESV by about US$ 58 thousand (35%) in Aba Gerima
and US$ 31 thousand (29%) in Debatie watersheds. In contrast, the unprecedented expansion of plantations, mainly
through the planting of Acacia decurrens, led, from 2006, to a ESV rebound by about US$ 71 thousand (54%) in
Guder watershed, after it had decreased by about US$ 61 thousand (32%) between 1982 and 2006. The reduction
in natural forest area was the major contributor to the loss of total ESV in the study watersheds, ranging from
US$ 31 thousand (63%) in Debatie to US$ 96.9 thousand (70%) in Guder between 1982 and 2016/17. On an area-
specific basis, LULC changes reduced the average ESV from US$ 560 ha−1 year−1 (1982) in Guder to US$ 306 ha−1

year−1 (2017) in Debatie watersheds. Specific ESVs such as provisioning (mainly as food production) and regulating
services (mainly as erosion control and climate regulation) accounted for most of the total ESVs estimated for the
study watersheds.

Conclusions: In most cases, the total and specific ESVs of the watersheds were negatively associated with the
population growth, which in turn was positively associated with the expansion of cultivated land over the study
period. In Guder, however, ESVs were positively associated with population growth, especially after 2012. This is
mainly due to the expansion of Acacia decurrens plantations. Our results suggest, therefore, that future policy
measures and directions should focus on improving vegetation cover through planting multipurpose trees such as
Acacia decurrens to prevent future loss of ESV in the midland and lowland regions of the Upper Blue Nile basin and
beyond. However, caution must be taken during plantation of invasive species as they may have undesirable
consequences.

Keywords: Drought prone, Agro-ecologies, Land use/land cover, Acacia decurrens, Plantations, Ecosystem services,
Farming practices, Upper Blue Nile basin
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Introduction
Land-use/land-cover (LULC) changes induced by human
activity are a major challenge facing the global environ-
ment (Wilbanks and Kates 1999). These changes alter
hydrological responses (Haregeweyn et al. 2016; Fenta
et al. 2017; Berihun et al. 2019a), biodiversity and ecosys-
tem processes and services (Lambin et al. 2003; Goldewijk
and Ramankutty 2004; Maitima et al. 2009), and challenge
conservation management and rehabilitation activities
(e.g., Fenta et al. 2016; Berihun et al. 2019b; Haregeweyn
et al. 2019; Berihun et al. 2020; Fenta et al. 2021).
Ecosystem services consist of the benefits that people

obtain from biodiversity and ecosystems and are increas-
ingly recognized as being important for maintaining and
fulfilling human well-being (Millennium Ecosystem As-
sessment [MEA] 2005). The MEA (2005) also noted that
60% of the world’s ecosystems are degraded, leading to a
reduction in their services to humans. Because of popu-
lation pressure and associated human activities such as
agriculture, firewood consumption, deforestation, and
urbanization, LULC dynamics is the main driver behind
ecosystem degradation and changes in ecosystem ser-
vices (Costanza et al. 1997; Hu et al. 2008; de Groot
et al. 2012; Costanza et al. 2014; Kindu et al. 2016; Wang
et al. 2017; Cheng et al. 2018; Lin et al. 2018; Mamat
et al. 2018; Liu et al. 2019; Fenta et al. 2020; Negash
et al. 2020). Costanza et al. (2014) reported that global
LULC changes induced declines in ecosystem service
values (ESVs) from US$ 145 trillion year−1 in 2007 to
US$ 125 trillion year−1 in 2011. As a result of LULC
changes, the loss of ESVs at a global scale also ranged
from about US$4–20 trillion year−1 between 1997 and
2011 (de Groot et al. 2012; Costanza et al. 2014). How-
ever, the variations in ESVs have not been uniform
worldwide (Costanza et al. 2014) largely because of vari-
ations in LULC dynamics (Lambin et al. 2003; Goldewijk
and Ramankutty 2004). For example, there has been an
improvement in ecosystem services in developed coun-
tries (e.g., Hu et al. 2008; Li et al. 2018; Wang et al.
2018) resulting from the conversion of crop production
to forests, whereas in most of the developing countries
like Ethiopia, certain ecosystem services have the highest
rate of loss (e.g., Kindu et al. 2016; Gashaw et al. 2018).
The loss of ESVs induced by LULC changes are also

major environmental challenges in Ethiopia (e.g., Kindu
et al. 2016; Tolessa et al. 2017a, 2017b; Gashaw et al.
2018; Negash et al. 2020), where agricultural activity is
the backbone of the economy. Previous studies have
shown a notable reduction of ESVs in different parts of
the country due to the expansion of cultivated land,
mainly through deforestation activities. For example,
studies by Gashaw et al. (2018) in Andassa watershed in
the Upper Blue Nile basin from 1985 to 2015, Kindu
et al. (2016) in the Munessa-Shashemene landscape

(1973–2012), Negash et al. (2020) in north-central
Ethiopia (1973–2001), and Tolessa et al. (2017b) in the
Chilimo forest (central highlands of Ethiopia; 1973–
2015) show that the expansion of cultivated land at the
expense of natural vegetation (mainly as forest land,
grazing land, and shrubland) substantially reduces the
value of the land’s ecosystem services. However, through
restoration of the landscape, ESVs had recovered by
2016 in north-central Ethiopia (Negash et al. 2020).
Because there are few local specific studies of ESVs in

Ethiopia, it is difficult to generalize any ESV trends, even
within a specific region such as the Upper Blue Nile
basin, mainly because of the influence of the various hu-
man activities on LULC change and the agro-ecological
settings of the watersheds. The different agro-ecological
settings control population growth, settlement characteris-
tics, and economic activities, thereby affecting the LULC
dynamics (Berihun et al. 2019a; Gebrehiwot et al. 2014),
which is a major cause of changes in ESVs (Costanza et al.
1997; Wu et al. 2013; Costanza et al. 2014; Hou et al.
2014; Wang et al. 2015; Cheng et al. 2018; Wondie and
Mekuria 2018; Yuan et al. 2018; Liu et al. 2019). Most of
the previous studies in Ethiopia (e.g., Kindu et al. 2016;
Tolessa et al. 2017a, 2017b; Gashaw et al. 2018; Negash
et al. 2020) evaluated the changes in ESVs resulting from
LULC change by considering only specific watersheds
with a single agro-ecological environment and uniform
human activity, such as increasing demand for agricultural
land. The evaluation of ESVs in different agro-ecologies
and for a variety of human activities is therefore rare in
Ethiopia in general and in the Upper Blue Nile basin in
particular, where there is a greater diversity of ecosystem
services. Thus, agro-ecology-based, watershed-specific
ESV estimates are vital for quantifying the overall ecosys-
tem services in Ethiopia at wider temporal and spatial
scales.
Estimation of ESVs using LULC data and ESV coeffi-

cients is extremely vital in Ethiopia, despite the expen-
siveness of ground data (Kindu et al. 2016; Tolessa et al.
2017a, 2017b). Furthermore, quantifying the impacts of
human-induced LULC dynamics on ESV changes is im-
portant for determining the vulnerability of each ecosys-
tem service, thereby providing alternatives and robust
information for decision-making at the landscape level
to ensure the sustainability of natural resources and fulfil
sustainable development goals (Wu et al. 2013; Costanza
et al. 2014; Hou et al. 2014; Wang et al. 2017;Cheng
et al. 2018; Mamat et al. 2018; Chen et al. 2020). There-
fore, in this study, we evaluated the spatial and temporal
responses of ESVs to historical LULC changes in
strongly human-impacted watersheds located in con-
trasting agro-ecological environments of the Upper Blue
Nile basin. Following the recommendation of Mamat
et al. (2018), and unlike many previous studies in
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Ethiopia and elsewhere that mainly used Landsat images
(e.g., Kindu et al. 2016; Tolessa et al. 2017a, 2017b;
Gashaw et al. 2018; Liu et al. 2019; Negash et al. 2020),
we used very high resolution remote-sensing satellite
data (e.g., Pleiades, IKONOS-2, Quick Bird; 0.5- to 3.2-
m resolution; Berihun et al. 2019a) to improve the ac-
curacy of LULC classification, which was then used to
estimate the ESVs of the watersheds.

Materials and methods
Study area
The study watersheds were located in the Upper Blue Nile
basin of northwestern Ethiopia (Fig. 1). These watersheds
were purposefully selected to represent three different
agro-ecological environments of the Upper Blue Nile
basin—highland (Guder), midland (Aba Gerima), and low-
land (Debatie)—classified based on topographical and
hydro-meteorological characteristics of the study areas, as
summarized in Table TS1 (Hurni et al. 2016).
Each agro-ecological environment is characterized by

specific topographical features, climate conditions, major
soil types, soil and water conservation practices, and
dominant agricultural practices (Table TS1). As de-
scribed above as shown Fig. 1, the elevations range from
1501 to 2857 m.a.s.l. at Debatie and Guder, respectively.
The slopes were generated from Shuttle Radar Topog-
raphy Mission digital elevation model (SRTM–DEM)
data and reclassified as flat (0–3%), gentle (3–8%), slop-
ing (8–15%), steep (15–30%), and very steep (> 30%).
The study watersheds included substantial areas pre-
dominantly characterized as steep (Guder, 40% of the
area; Debatie, 36.4%) or sloping (Aba Gerima, 38.5% of
the area). These steep slope areas are mostly covered by
forest or other natural vegetation whereas the areas cate-
gorized under flat and gently sloping are mainly used for
cultivated land and settlements.
Based on the field-based soil analysis reports, the dom-

inant soil types in three study watersheds are Luvisols,
Acrisols, Leptosols, and Vertisols (Mekonnen 2018). All
four major soil types occur in Guder watershed, whereas
only Luvisols, Vertisols, and Leptosols are present in
Debatie and Luvisols and Leptosols in Aba Gerima water-
sheds. The long-term (1982–2016) mean annual rainfall
generally increased in the order of Debatie < Aba Gerima
< Guder watersheds (Berihun et al. 2019b). More than
86% of the total rainfall is concentrated during the rainy
seasons (June–September) in the three study watersheds
(Berihun et al. 2019b). A mixed crop–livestock farming
system provides the dominant livelihood for farmers in
the study watersheds (Table S1; Abeje et al. 2019).

Land-use/land-cover changes between 1982 and 2016/17
The historical changes in LULC of the watersheds were
compiled from the previous work by Berihun et al.

(2019a). Aerial photographs (1:50,000 scale; purchased
from Ethiopia Mapping Agency) and orthorectified very
high-resolution multi-scale satellite images (IKONOS-2,
QuickBird, Pleiades, WorldView-2; resolutions ranging
from 0.5 to 3.2 m; purchased from AIRBUS defense and
space) were used for LULC classification for the study pe-
riods of 1982, 2005/06, 2011/12, and 2016/17 (Table S2;
Berihun et al. 2019a). We applied intensive visual interpre-
tations and on-screen digitization technique using ArcGIS
10.4 for LULC mapping and classification processes. Thus,
for each watershed, we identified from four to six LULC
classes for each study period (Table TS2, S3).
For some analyses, the LULC classes were further

grouped into two classes: vegetation cover (bushland,
forest land, grazing, and plantation) and cultivated land.
The extent of the changes and conversion trends of
LULC classes occurring between study periods were esti-
mated by conversion matrix analysis using an overlay
procedure (Berihun et al. 2019a).
In 1982, the LULC change results showed that forest

land was the dominant LULC class, respectively, ac-
counting for 40.9% and 32.0% of the area in Guder and
Aba Gerima watersheds (Fig. FS1, Table TS3). During
the same period, in Debatie watershed, bushland (36.6%)
was the dominant LULC class (Fig. FS, Table TS3). Nat-
ural vegetation cover such as forest land, bushland, and
grazing land decreased by about 70%, 50%, and 27% in
Guder; by 65%, 49%, and 63% in Aba Gerima; and by
63%, 59%, and 38% in Debatie, respectively from 1982 to
2016/17 (Fig. 2).
Similarly, khat (Catha edulis) cultivation LULC class

increased from 2005 to 2016 by more than 400% in Aba
Gerima watershed, mainly at the expense of cultivated
land (Fig. 2). Moreover, in all study watersheds, settle-
ment LULC class accounted for the least coverage com-
pared to other LULC classes, occupying less than 5% of
the area (Table TS3) while it showed a dramatic increas-
ing trend over the study periods (Fig. 2).
The increasing or decreasing of LULC classes between

the study periods could have socio-economic implica-
tions. In the study watersheds, traditional farming prac-
tices is the backbone of the economy, and the
community is highly dependent on rainfed agriculture
system. Thus, the expansion of cultivated and grazing
lands could possibly have negative and positive conse-
quences on the livelihood of the communities. For in-
stance, although the expansion of cultivated land at the
expense of natural vegetations for crop productions will
have advantages to solve the food security challenges in
the area, it could have negative consequences in the fu-
ture by aggravating the soil erosion process in the area
as compared with natural vegetation (Berihun et al.
2020). Also, the substantial conversion of grazing land to
plantation in Guder and cultivated land in the three
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study watersheds (Table TS4–TS6) is likely to have
negative consequences on the existing free-grazing feed-
ing system and consequently on the number of livestock.
In general, the conversions of one LULC to other LULC
class could have socio-economic and environmental im-
plications in the study area. Details of the temporal and
spatial extents, changes, and conversion matrices of each
LULC class in the three study watersheds can be found

in the Supplementary Materials (Tables TS4–TS6) and
in Berihun et al. (2019a).

Estimation of ESVs
For Guder and Debatie watersheds, we assessed the
changes in ESVs using the LULC classification data over
four study periods (1982, 2006, 2011/12, and 2017). For
Aba Gerima watershed, we used three study periods

Fig. 1 Location and elevation maps of Guder, Aba Gerima, and Debatie watersheds (adapted from Berihun et al. 2019a)
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(1982, 2005, and 2016) because of a lack of 2011/12 sat-
ellite images. The ESVs were estimated using local
modified ESV coefficients (Kindu et al. 2016) developed
for 6 Ethiopian biomes based on Costanza et al. (1997);
the LULC classes of the study watersheds were associ-
ated with the corresponding representative biomes (Ta-
bles 1 and 2). Following the procedure of Knoke et al.
(2011), the ESV coefficients of Kindu et al. (2016) were

modified through a benefit transfer method with the ap-
plicability of the transferred data validated by applying
the Economics of Ecosystems and Biodiversity valuation
database (van der Ploeg and de Groot 2010) to the stud-
ied landscape conditions, considering values from trop-
ical areas for LULC classes. The transferred value
coefficients were also adjusted using the consumer price
index and producer price index to check the time-

Fig. 2 Percent change (%) in land-use/land-cover (LULC) classes for Guder, Aba Gerima, and Debatie watersheds, Ethiopia (LULC abbreviations as
defined in Table TS3)
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dependence of the coefficients on the overall estimation
of ESV changes (Kindu et al. 2016).
It is worth noting that some LULC classes did not

align exactly with the representative biomes. However,
these biomes can be used as proxies for estimating ESVs
of the study watersheds, as they have been considered in
previous studies in Ethiopia (e.g., Gashaw et al. 2018;
Kindu et al. 2016; Negash et al. 2020; Tolessa et al.
2017a, 2017b ) and elsewhere (e.g., Wu et al. 2013; Yi

et al. 2017; Wang et al. 2018; Ye et al. 2018; Yuan et al.
2018).
The ESV per unit area for each LULC class was es-

timated using the following equations developed by
Costanza et al. (1997):

ESVk ¼
X

Ak�VCkð Þ ð1Þ

ESV f ¼
X

Ak�VCfk
� � ð2Þ

Percent ESV change %ð Þ
¼ ESV year 2−ESV year 1

ESVyear 1

� �
; ð3Þ

where ESVk is the ESV of LULC class k in a given year,
Ak is the area (ha) of LULC class k, VCk is the value co-
efficient of LULC class k (US$ ha−1 year−1), ESVf is esti-
mated ESV service function f in a given year, and VCfk is
the value coefficient of function f (US$ ha−1 year−1) for
LULC class k. The modified coefficients that were used
in this study are presented in Tables 2 and 3.
The total ESV for each watershed was estimated by

summing the ESVk estimates, and the values of 17

Table 1 Biome equivalents for land-use/land-cover (LULC)
classes and the corresponding ecosystem service value (ESV)
coefficients based on the modified estimates of Kindu et al.
(2016)

LULC class Equivalent
biome

ESV coefficients
(US$ ha–1 year–1)

Bushland/Khat cultivation Tree patches 293.3

Cultivated land Cropland 225.6

Forest land Tropical forest 986.7

Grazing land Grassland 293.3

Plantation forest Tropical forest 986.7

Settlements Urban 000.0

Table 2 Individual ecosystem service value coefficients (US $ ha–1 year–1) for the five representative biomes based on the modified
estimates of Kindu et al. (2016)

Ecosystem services Each LULC classes ecosystem service values (US$ ha–1 year–1)

Natural forest Plantation forest Cropland Grasslands Tree patches

Provisioning services

Water supply 8.0 8.0 – – –

Food production 32.0 32.0 187.6 117.5 117.5

Raw material 51.2 51.2 – – –

Genetic resources 41.0 41.0 – – –

Regulating services

Water regulation 6.0 6.0 – 3.0 3.0

Water treatment 136.0 136.0 – 87.0 87.0

Erosion control 245.0 245.0 – 29.0 29.0

Climate regulation 223.0 223.0 – – –

Biological control – – 24.0 23.0 23.0

Gas regulation 13.7 13.7 – 7.0 7.0

Disturbance regulation 5.0 5.0 – – –

Supporting services

Nutrient cycling 184.4 184.4 – – –

Pollination 7.3 7.3 14.0 25.0 25.0

Soil formation 10.0 10.0 – 1.0 1.0

Habitat/refugia 17.3 17.3 – – –

Cultural services

Recreation 4.8 4.8 – 0.8 0.8

Cultural 2.0 2.0 – – –

Total 986.7 986.7 225.6 293.3 293.3
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individual ecosystem services (Table 2) were also esti-
mated using Eq. 2. The above methods for estimating
ESVs have been employed in previous studies in Ethiopia
and elsewhere (e.g., Kindu et al. 2016; Tolessa et al.
2017a, 2017b; Yi et al. 2017; Gashaw et al. 2018; Negash
et al. 2020). We also estimated the average ESVs of the
land (US$ ha−1 year−1) in the three study watersheds for
each study period by dividing the total ESV (US$ year−1)
during a specific year by the watershed area (ha).

Variations in ESVs in response to human actvities
We examined the variations of ESVs in the three study
watersheds in response to human activities such as those
associated with population growth and changing farming
practices. We collected population data for three pe-
riods: for 1994 and 2007 from the Ethiopia Census Re-
port (Central Statistical Authority [CSA] 1994, 2007),
and for 2016 from the local kebele administration of-
fices. It was not possible to obtain population data that
applied specifically to the respective watersheds because
the data were assembled according to different adminis-
trative boundaries. Therefore, only the kebele-level
population data whose area fell within the study water-
sheds were considered for the analysis. However, the
population number for 1982 was extrapolated using the

exponential growth rate relationship (Eqs. 4 and 5) rec-
ommended by the Ethiopian CSA, because there were
no kebele-level census data available before 1994.

P2 ¼ P1e
rt ð4Þ

r ¼ 1
n

ln
P2

P1

� �
� 100 ð5Þ

where P1 is the population at time 1, P2 is the population
at time 2, r is the percent growth rate, and t is the num-
ber of years between time 1 and time 2.
Therefore, to better understand the effect of human

activities on LULC change, we first reclassified the six
major land use types into two categories: cultivated land
and vegetation cover (including grazing land, bush land,
forest land, and plantation). The relationship between
changes in these two LULC categories and population
number was established for the years 1982, 1994, 2007,
and 2016. Furthermore, we investigated the effect of
changing farming practices, particularly the introduction
of Acacia decurrens in Guder watershed and khat culti-
vation in Aba Gerima watershed, on the change in total
and specific ESVs based on observed LULC change (as
vegetation cover and cultivated land), interviews and

Table 3 Effect of changes in land-use/land-cover (LULC) on the total ecosystem service value (ESV; US$ [thousands], %) in Guder,
Aba Gerima, and Debatie watersheds, Ethiopia. LULC abbreviations as defined in Table TS2

Watershed LULC
classa

1982 2005/06 2011/12 2016/17

ESV (%) ESV (%) ESV (%) ESV (%)

Guder BL 16.1 8.4 14.8 11.2 12.9 9.5 8.2 4.0

CL 18.8 9.8 38.9 29.6 39.9 29.4 23.9 11.8

FL 138.5 72.0 45.6 34.6 44.1 32.5 41.6 20.6

GL 19.0 9.9 16.9 12.8 15.6 11.5 13.8 6.8

PL 0.0 0.0 15.6 11.8 23.0 17.0 114.9 56.8

ST – 0.0 – 0.0 – 0.0 – 0.0

Total 192.4 100.0 131.8 100.0 135.5 100.0 202.4 100.0

Aba Gerima BL 26.6 16.0 16.6 14.7 – – 13.6 12.6

CL 21.9 13.2 48.8 43.1 – – 50.2 46.5

FL 105.7 63.7 42.5 37.5 – – 36.7 33.9

GL 11.7 7.0 4.8 4.2 – – 4.3 4.0

KC 0.0 0.0 0.5 0.4 – – 3.3 3.1

ST – 0.0 – 0.0 – – – 0.0

Total 165.8 100.0 113.2 100.0 – – 108.1 100.0

Debatie BL 26.5 25.0 16.6 18.1 11.9 15.6 10.9 14.5

CL 3.7 3.5 19.4 21.2 28.6 37.3 30.1 39.8

FL 49.5 46.6 35.9 39.1 18.4 24.0 18.3 24.2

GL 26.3 24.8 19.8 21.6 17.7 23.1 16.2 21.5

ST – 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total 106.1 100.0 91.8 100.0 76.5 100.0 75.6 100.0
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reviewing relevant studies conducted in our study areas
and elsewhere.

Results and discussion
Temporal and spatial changes in total ESV
In Guder watershed, the total ESV decreased from
US$ 192.4 thousand in 1982 to US$ 131.8 thousand in
2006, whereas it increased to US$ 202.4 thousand in
2017 (Table 3). From 1982 to 2012, the contribution of
forest to the total ESV fell from 72 to 32.5%, a change
greater than for the other LULC classes. However, the
lost contribution of forest to the total ESV was replaced
by plantation land (mainly through A. decurrens) by
2017, which accounted for about 57% (US$ 114.9 thou-
sand) of the total ESV (Table 3). Cultivated land was the
second highest overall contributor to total ESV (9.8–
29.6%) followed by grazing land (6.8–12.8%) and bush-
land (4–11.2%) over the study period (1982–2017;
Table 3).
In Aba Gerima watershed, the total ESV decreased

from US$ 165.8 thousand in 1982 to US$ 113.2 thou-
sand in 2005 and US$ 108.1 thousand in 2016 (Table 3).
The contribution of cultivated land and forest to the
total ESV was about 77–81% in all study periods. Culti-
vated land was the major contributor in 2005 and 2016,
followed by forest, which was the major contributor in
1982 by a wide margin (Table 3). In this watershed, the
contributions of bushland, forest, and grazing land to
the total ESV decreased from 1982 to 2016, whereas the
contribution of cultivated land increased by 2005 and
that of khat cultivation increased after 2005 (Table 3).
Like Aba Gerima watershed, the total ESV continu-

ously decreased from 1982 to 2017. For 1982 and 2006,
forest was the major contributor to the total ESV (46.6%
in 1982 and 39.1% in 2006; Table 3, Fig. 3). However, in
2011 and 2017, cultivated land was the largest contribu-
tor and accounted for 37.3% and 39.8%, respectively. In

both of these periods, forest was the second contributor
after cultivated land, with a share of 24% of the total
ESV (Table 3, Fig. 3).
On the other hand, in Guder watershed, the average

ESV of the land was reduced from about US$ 560 ha−1

year−1 in 1982 to US$ 384 ha−1 year−1 in 2006, whereas
it increased from about US$ 394 ha−1 year−1 in 2012 to
US$ 589 ha−1 year−1 in 2017 (Fig. 3). On the other hand,
the LULC changes from 1982 to 2016/17—mainly the
expansion of cultivated land at the expense of natural
vegetation—reduced the average ESV of the land from
about US$ 495 to US$ 323 ha−1 year−1 in Aba Gerima
watershed and from US$ 429 to US$ 306 ha−1 year−1 in
Debatie watershed (Fig. 3). Overall, throughout the study
period the average ESV of the land ranged from
US$ 306 ha−1 year−1 in Debatie watershed to US$ 560
ha−1 year−1 in Guder watershed.
In general, our results indicate that the total ESV de-

crease from 1982 to 2012 in Guder (highland) watershed
(Tables 4 and 5) mainly resulted from the conversion of
forest and grazing land to cultivated land (Table TS3);
whereas from 2006 to 2017, the total ESV recovered by
US$ 70.6 thousand (54%) as a result of unprecedented
expansion of A. decurrens plantations, converted from
cultivated and grazing lands. Likewise, the decline in
total ESV by US$ 57.7 thousand (35%) in Aba Gerima
(midland) watershed (Tables 4 and 5) was because of the
continuous conversion of forest to cultivated land from
1982 to 2005, as well as the conversion of bushland and
grazing land to cultivated land after 2005 (Berihun et al.
2019a). The decline of total ESV by US$ 30.5 thousand
(29%) in Debatie (lowland) watershed resulted from the
pronounced conversion of bushland and grazing land to
cultivated land over the entire study period (1982–2017).
The continuous decline of ESVs in Guder watershed

from 1982 to 2012 and in Aba Gerima and Debatie wa-
tersheds from 1982 to 2016/17, mainly through the loss

Fig. 3 Average ecosystem service values (ESV) for Guder, Aba Gerima, and Debatie watersheds, Ethiopia, from 1982 to 2016/17
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of natural vegetation LULC classes such as bush, forest,
and grazing lands, agrees well with the findings of previ-
ous studies in Ethiopia and elsewhere (e.g., Kindu et al.
2016; Tolessa et al. 2017a, 2017b; Gashaw et al. 2018;
Lin et al. 2018; Wang et al. 2018; Yang et al. 2018; Chen
et al. 2020).
For example, a previous study conducted in Andassa

watershed (Ethiopia) found that the loss of ESV between
1985 and 2015 was mainly due to the loss of natural
vegetation such as shrubland and forest (Gashaw et al.
2018).
Similarly, studies by Kindu et al. (2016) in the

Munessa-Shashemene landscape of Ethiopia from 1986
to 2012 and Tolessa et al. (2017b) in the Chilimo forest,
Ethiopia, from 1973 to 2014 found as in our study that
the loss of natural vegetation is the predominant con-
tributor to the reduction in total ESV. Previous studies
in China also showed that the reduction of forest sub-
stantially reduced the total ESV in the Hengduan Moun-
tain region between 2000 and 2010 (Wang et al. 2018)
and in Chengdu City (Lin et al. 2018). Similarly, the ex-
pansion of cultivated land resulted in a loss of ESV by

US$ 11,893.85 million from 1965 to 2015 in the Small
Sanjiang Plain (Chen et al. 2020). In contrast to our find-
ings in Guder watershed, Hu et al. (2008) attributed the
extreme loss of ecosystem services in Xishuangbanna to
the sudden shift in land use from tropical forests and
swidden fields to large rubber plantations from 1988 to
2006.
The average ESVs of the watersheds in our study

(US$ 384–560 ha−1 year−1 in Guder watershed,
US$ 323–495 ha−1 year−1 in Aba Gerima watershed, and
US$ 306–429 ha−1 year−1 in Debatie watershed; Fig. 3)
are within the ranges of other estimates for the Ethiop-
ian highlands and similar agro-ecological regions. For
example, Gashaw et al. (2018) and Tolessa et al. (2017a)
reported average ESVs for Ethiopia ranging from
US$ 358 to US$ 457 ha−1 year−1 (1985–2015) and from
US$ 230 to US$ 467 ha−1 year−1 (1984–2014), respect-
ively. In contrast, the average ESVs reported for the
Munessa-Shashemene landscape of Ethiopia between
1986 and 2012 were greater by far than our estimates,
ranging from US$ 1072 to US$ 1143 ha−1 year−1 (Kindu
et al. 2016). This difference can be most likely attributed

Table 4 Changes in ecosystem service value (ESV) (US$, %) between study years in Guder, Aba Gerima, and Debatie watersheds,
Ethiopia. LULC abbreviations as defined in Table TS1

Watershed LULC
classa

Change (US$ [thousands], %)

1982–2006 2006–2012 2012–2017 1982–2017

ESV (%) ESV (%) ESV (%) ESV (%)

Guder BL − 1.4 − 8.5 − 1.8 − 12.4 − 4.8 − 37.0 − 8.0 − 49.5

CL + 20.1 + 107.1 + 0.9 + 2.4 − 16.0 − 40.1 + 5.1 + 27.0

FL − 92.9 − 67.1 − 1.6 − 3.5 − 2.4 − 5.5 − 96.9 − 70.0

GL − 2.1 − 11.0 − 1.3 − 7.5 − 1.8 − 11.7 − 5.2 − 27.3

PL + 15.6 – 7.4 + 47.7 + 91.9 399.8 + 114.9 –

ST 0.0 – 0.0 – 0.0 – 0.0 –

Total − 60.6 + 3.7 + 66.9 + 10.0

Aba Gerima LULC 1982–2005 2005–2016 1982–2016

BL − 9.9 − 37.4 − 3.0 − 18.0 – – − 12.9 − 48.6

CL + 26.9 + 122.4 + 1.4 + 2.9 – – + 28.3 +128.9

FL − 63.2 − 59.8 − 5.8 − 13.7 – – − 69.0 − 65.3

GL − 6.9 − 58.9 − 0.5 − 10.9 – – − 7.4 − 63.4

KC + 0.5 − + 2.8 + 585.7 – – + 3.3 –

ST – – 0.0 – – – 0.0 –

Total − 52.6 − 5.1 – – − 57.7

Debatie LULC 1982–2006 2006–2011 2011–2017 1982–2017

BL − 9.9 − 37.4 − 4.7 − 28.4 − 1.0 − 8.1 − 15.6 − 58.7

CL + 15.7 + 419.7 + 9.1 +47.0 + 1.5 + 5.3 + 26.3 713.5

FL − 13.6 − 27.4 − 17.5 − 48.9 − 0.1 − 0.4 − 31.2 − 63.0

GL − 6.5 − 24.6 − 2.1 − 10.8 − 1.5 − 8.3 − 10.1 − 38.3

ST 0.0 0.0 0.0 0.0 0.0 – 0.0 –

Total − 14.3 − 15.3 − 1.0 − 30.5
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to the dominance of cultivated land in our study water-
sheds over the study period except in 1982 (in all water-
sheds) and after 2012 (only in Guder watershed; Table
TS3). Also, our estimates of average ESVs are lower than
those of Tolessa et al. (2017b) for Ethiopia, and Wang
et al. (2015) for China. This might be attributable to dif-
ferences in the ecosystem service coefficients used; we
used modified ecosystem service coefficients applied to
Ethiopian conditions (Kindu et al. 2016), whereas
Tolessa et al. (2017b) and Wang et al. (2015) used coeffi-
cients developed by Costanza et al. (1997).

Changes in specific ESVs
The major contributors to ecosystem services in Guder
watershed were regulating services (mainly as water
treatment and erosion control), followed by provisioning
services. Regulating service contributions ranged from a
low level of 45.0% (US$ 59.2 thousand) in 2006 to a high

level of 57.3% (US$ 113.4 thousand) in 2017 (Table 5).
As in Guder watershed, regulating services were the
major contributor to the total ESV in Aba Gerima
watershed in 1982, at about 54% (US$ 89.1 thousand;
Table 5). In 2005 and 2016, however, provisioning ser-
vices became the highest contributor to total ESV, at
about 49% (US$ 55.1 thousand) and 51% (US$ 55.2
thousand), respectively (Table 5). As in Aba Gerima
watershed, the major contributors to the total ESV in
Debatie watershed were provisioning and regulating ser-
vices. Provisioning services predominated in 1982 (about
55%; US$ 59 thousand) and in 2006 (47%; US$ 44 thou-
sand), whereas regulating services were predominant in
2011 (50%; US$ 38 thousand) and in 2017 (51%; US$ 39
thousand; Table 5). In general, in the three watersheds,
more than 70% of total ESV came from the provisioning
services (mainly as food production) and regulating ser-
vices (mainly as water treatment, erosion control, and

Table 5 Effects of land-use/land-cover (LULC) changes on individual ecosystem services from 1982 to 2016/17 in the study
watersheds

Ecosystem services ESV (US$ in thousands)

Guder Aba Gerima Debatie

1982 2006 2012 2017 1982 2005 2016 1982 2006 2011 2017

Provisioning services

Water supply 1.1 0.5 0.5 1.3 0.9 0.3 0.3 0.4 0.3 0.1 0.1

Food production 34.2 47.1 46.8 33.7 37.0 50.7 51.4 25.9 31.9 36.2 36.5

Raw material 7.2 3.2 3.5 8.1 5.5 2.2 1.9 2.6 1.9 1.0 0.9

Genetic resources 2.7 2.4 2.2 2.1 4.4 1.8 1.5 2.1 1.9 1.0 0.9

Total 45.2 53.1 53.0 45.2 47.7 55.1 55.2 30.9 35.9 38.3 38.5

Regulating services

Water regulation 1.2 0.7 0.7 1.2 1.0 0.5 0.4 0.8 0.6 0.4 0.4

Water treatment 29.5 17.8 17.7 28.1 25.9 12.4 11.3 22.5 15.8 11.3 10.6

Erosion control 37.9 18.3 19.5 41.0 30.0 12.7 11.2 17.5 12.5 7.5 7.2

Climate regulation 31.3 13.8 15.1 35.4 23.9 9.6 8.3 11.2 8.1 4.1 4.1

Biological control 4.8 6.6 6.5 4.3 5.3 6.9 7.0 4.5 4.9 5.4 5.3

Gas regulation 2.8 1.6 1.6 2.7 2.4 1.1 1.0 1.9 1.4 1.0 0.9

Disturbance regulation 0.7 0.3 0.3 0.8 0.5 0.2 0.2 0.3 0.2 0.1 0.1

Total 108.1 59.2 61.5 113.4 89.1 43.4 39.5 58.8 43.5 29.8 28.7

Supporting services

Nutrient cycling 25.9 11.4 12.5 29.2 19.7 7.9 6.9 9.2 6.7 3.4 3.4

Pollination 5.2 5.6 5.4 4.5 5.4 5.2 5.2 5.1 4.6 4.4 4.3

Soil formation 1.5 0.7 0.8 1.7 1.2 0.5 0.4 0.7 0.5 0.3 0.3

Habitat/refugia 2.4 1.1 1.2 2.7 1.9 0.7 0.6 0.9 0.6 0.3 0.3

Total 35.0 18.8 19.9 38.2 28.2 14.4 13.1 15.9 12.4 8.5 8.3

Cultural services

Recreation 0.8 0.4 0.4 0.8 0.6 0.3 0.2 0.4 0.3 0.2 0.2

Cultural 0.3 0.1 0.1 0.3 0.2 0.1 0.1 0.1 0.3 0.2 0.2

Total 1.1 0.5 0.5 1.1 0.8 0.4 0.3 0.5 0.5 0.3 0.3

Berihun et al. Ecological Processes           (2021) 10:52 Page 10 of 18



climate regulation; Table 5). In contrast, cultural services
accounted for the smallest percentage of total ecosystem
services in all study watersheds over the study period
(Table 5). This might be due to the assigned small ESV
coefficient values in cultural services for each LULC
class compared with other ecosystem services. In gen-
eral, the results presented in Table 5 show that there are
different effects of LULC changes on individual ecosys-
tem services; the changes increased the value of some
ecosystem services, while others were reduced.
Our findings support previous studies in Ethiopia that

showed that provisioning and regulating services are the
major contributors to the total changes in ESV in
Andassa watershed (Ethiopia) from 1985 to 2015
(Gashaw et al. 2018). Correspondingly, a decrease in nat-
ural vegetation (bush, forest, and grazing lands) in the
Munessa-Shashemene landscape (Kindu et al. 2016) and
Chilimo forest (Tolessa et al. 2017b) of Ethiopia has re-
sulted in the reduction of several ecosystem functions
and the increase of food production services. Elsewhere,
decreases in grasslands, forest, woodlands, and aquatic
regions between 1980 and 2005 in Small Sanjiang Plain
(Chen et al. 2020), Nenjiang River basin (Wang et al.
2015), and Manas River basin (Wang et al. 2017), China,
resulted in a decrease in the value of ecosystem services
such as climate regulation, gas regulation, and a variety
of other types of ecosystem services. It is worth men-
tioning, therefore, that LULC changes in the study wa-
tersheds, mainly in the form of expansion of cultivated
land, resulted in a marked loss of total and specific
ESVs, whereas plantations show high potential for re-
storing the ESVs (Tables 4 and 5). Thus, as in Guder
(highland) watershed, changing cultivated land to planta-
tions through an integrated watershed approach would
improve the land cover, thereby enhancing ecosystem
services.

Variation of ESV in response to population growth and
farming practices
We investigated the relationship between changes in
total ESV and population number for the years 1982,
1994, 2007, and 2016 (Fig. 4). There was an increasing
population trend at the Guder site throughout the entire
study period (1982–2016; Fig. 4). The increase was con-
sistent and had an inverse relationship with the total and
specific ESVs (regulating, supporting, and cultural ser-
vices) between 1982 and 2006; it was positively corre-
lated with provisioning services while these relationships
were reversed after 2006 (Figs. 4 and 5). This change
was mainly due to the increase of vegetation cover at the
expense of cultivated land (Fig. 5), resulting primarily
from farmers’ growing interest in allocating more area to
plantations (mainly as A. decurrens) to overcome a de-
cline in soil fertility and to grow A. decurrens for income

generation activity (Belete 2015; Wondie and Mekuria
2018).
In contrast to the other two watersheds, the change in

population number in Aba Gerima was more consistent
between the consecutive study periods. Between 1982
and 2005, the reduction of ESV was strongly linked with
the increase in population numbers (Fig. 4). However,
even though the population number increased after
2007, the ESV did not substantially change (Table 4,
Fig. 4). This is mainly attributable to less expansion of
cultivated land and a slight increase in vegetation cover
as khat cultivation (Table TS2), due to the farmers’
interest in increasing farm diversification and having an
alternate source of income ( Belete 2015; Abeje et al.
2019).
In Debatie watershed, the population number in-

creased throughout the entire study period (1982–2017),
particularly after 1994. This increase is mainly attribute
to the implementation of a resettlement policy in the
Debatie districts in the mid-1980s (Woldemeskel 1989).
This policy resulted in a substantial expansion of culti-
vated land and a decline in natural vegetation cover
(mainly as bushland and grazing land; Table TS3, S4)
due to deforestation to meet the increasing demand for
agricultural production and firewood (Berihun et al.
2019a). Thus, the population increase was negatively as-
sociated with total and specific ESVs while positively as-
sociated with the expansion of cultivated land at the
expense of vegetation cover over the study periods
(Figs. 5 and 6).
In general, population growth along with changes in

LULC appear to be the main factors behind ESV
changes in the study watersheds, which were largely ar-
ticulated through the expansion of cultivated lands at
the expense of natural vegetation cover, particularly in
Aba Gerima and Debatie watersheds (Fig. 5). Previous
studies elsewhere had similar findings, recognizing
socio-economic factors such as population growth as im-
portant elements that directly or indirectly affect ecosys-
tem services as a result of the enormous pressure on
ecosystems (e.g., Wu et al. 2013; Hou et al. 2014; Wang
et al. 2015; Cheng et al. 2018; Wang et al. 2018; Liu
et al. 2019). Thus, the expansion of cultivated land, char-
coal production, and harvesting of fuelwood and other
wood products, such as those for house construction, as-
sociated with increasing population were the major
proximate drivers behind the loss of total ESV in the
study watersheds.
On the other hand, changing farming practices in

Guder and Aba Gerima watersheds are the main causes
of the changes in ESVs resulting from the increase in
vegetation cover (mainly due to plantation) at the ex-
pense of cultivated land (Figs. 3 and 6). For example,
after 2006, a major shift from traditional annual
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cropping system to more economically attractive tree-
based farming practices, such as A. decurrens plantations
in Guder (Fig. 6) and khat cultivation in Aba Gerima is
more obvious (Table TS3). In Guder watershed in par-
ticular, the total ESV increased by US$ 70.6 thousand
after 2006 (Table 4). Local communities use such prac-
tices as alternative sources of income as well as to im-
prove environmental conditions by converting degraded
cultivated land to plantations, predominantly with

nitrogen-fixing A. decurrens trees (Belete 2015; Wondie
and Mekuria 2018; Abeje et al. 2019). Similarly, previous
studies reported that high economic return and good
market opportunities resulted in the expansion of khat
cultivation in Aba Gerima watershed (Belete 2015; Abeje
et al. 2019).
Our LULC change and conversions of LULC classes

also show that there is prominent landscape rehabilita-
tion (restoration of vegetation cover) in the highland

Fig. 4 Relationship between total ecosystem service value (ESV) and population size from 1982 to 2017 in Guder, Aba Gerima, and Debatie
watersheds, Ethiopia
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(Guder) areas due to the unprecedented expansion of A.
decurrens plantations since 2006 and the associated re-
covery of the watershed ESV (Table TS3). In contrast,
lowland (Debatie) areas have apparently experienced
landscape degradation (loss of vegetation cover) accom-
panied by a steady decline in ESV as a result of the ex-
treme expansion of cultivated land at the expense of
natural vegetation cover (Figs. 2 and 5). Even though the
condition of the landscape in the midland (Aba Gerima)
areas falls between those of the highland and lowland
(Figs. 4 and 5), the loss of total ESV was higher than that
in Debatie watershed. Therefore, the experience gained
from landscape rehabilitation in the highland areas could
be adopted in the midland and lowland watersheds to

recover their lost ESVs. Moreover, for all watersheds,
2005/06 was a turning point: after continued losses over
1982–2005/06, total ESVs either became almost stable,
as in Aba Gerima and Debatie, or improved, as in Guder
(Figs. 4 and 5). The stabilizations resulted from halting
the decrease in natural vegetation cover (Figs. 4 and 5).

Future measures and directions to restore ESVs in the
study areas and beyond
In the Ethiopian highlands, social, economic, and policy
factors along with population growth have resulted in a
substantial expansion of the area of cultivated land at
the expense of natural vegetation. Human activities in
particular have significantly changed the status of LULC

Fig. 5 Changes in four main ecosystem services values (ESVs) along with the area of vegetation cover and cultivated land from 1982 to 2017 in
Guder, Aba Gerima, and Debatie watersheds, Ethiopia
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in the Upper Blue Nile basin (Gebrehiwot et al. 2014;
Berihun et al. 2019a) and subsequently resulted in the
loss of the ecosystem services of the area (e.g., Tolessa
et al. 2017a; Gashaw et al. 2018). Over time, these losses
will lead to an increasingly fragile and unstable nature-
society-economy system in the area, and human beings
will bear the consequences ( Wang et al. 2017; Mamat
et al. 2018).
Similarly, the decrease in ESV in the study watersheds

was mainly caused by rapid changes in LULC along with
various human activities; this can limit the capacity of
ecosystem service functions, probably resulting in the
long-term environmental quality degradation. Consider-
ing the fragile natural environment of the study area, we
suggest that human activities in the study watersheds,
and in the Upper Blue Nile basin, should be pursued
with caution, as anthropogenic activities here will have
an irreversible impact on ecosystem services. This
should be considered in developing future measures and
directions, particularly for the watersheds in the midland
and lowland agro-ecological environments of the Upper
Blue Nile basin. As this study has shown, forest and
plantations provide higher ESVs than other LULC clas-
ses in the three study watersheds; hence, a reduction in
these particular components of the ecosystem hampers a
balanced flow of services. Importantly, to recover the
ecosystem services in the midland and lowland areas,
woodlot agroforestry, such as plantation farming, should

be adpted in the Aba Gerima and Debatie areas using
the knowledge and experience gained from the Guder
plantations (Fig. 6).
In Guder watershed, farmers created extensive A.

decurrens plantations (a new, economically competitive
farm activity) for income generation, charcoal produc-
tion, and fuelwood activities (Belete 2015; Fig. 6d). The
expansion of A. decurrens plantations resulted in a large
land area being withdrawn from cultivation and grazing
lands (Fig. 6b, c), particularly after 2006. This increased
the vegetation cover of the watershed by 34% in 2014, by
which time 50% of cultivated lands had been converted
to A. decurrens woodlots (Belete 2015; Wondie and
Mekuria 2018; Berihun et al. 2019a). Incorporating such
plantation activities at the watershed scale, along with a
conservation strategy, could improve the vegetation
cover in the midland and lowland areas. These activities
will also help local communities generate income from
the watershed and thereby maintain the ESV. Caution
must be taken, however, when implementing plantation
activities because the value of plantations for biodiversity
varies depending on the species type, and the value of the
original land cover must be considered (Bremer and Farley
2010; Taki et al. 2011; Onyekwelu and Olabiwonnu 2016;
Ulya et al. 2019). Particularly, plantation of non-native tree
species could have a strong negative impact on ecosystem
services when they naturalize and subsequently become
invasive and disrupt or transform communities and

Fig. 6 a Example of an Acacia decurrens plantation, b a plantation on grazing land, c planting on cultivated land, and d the traditional process of
producing fuel wood (charcoal) from A. decurrens trees in Guder watershed, Ethiopia
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ecosystems (Dickie et al. 2014). Likewise, Acacia
decurrens plantations have a wide range of impacts
on ecosystems that increase with time, alter and re-
duce ecosystem service delivery (Le Maitre et al.
2011; Dickie et al. 2014; Milanović et al. 2020). Thus,
active intervention and restoration of native species
crucial to recover the pre-invasion condition of the
environment is of paramount importance. On the other
hand, plantations can contribute positively to the ecosys-
tem services and biodiversity when planted on degraded
lands rather than replacing non-native or natural ecosys-
tems (Ulya et al. 2019; Bremer and Farley 2010).
In support of these changes, policymakers should im-

plement a reasonable land-use policy that protects nat-
ural vegetation such as forest, bushland, and grass land,
which have high ESVs compared to other LULC classes.
Local farmers and communities should protect the eco-
system and understand the importance of ecosystem ser-
vices to maintain a balance between economic
development and ecosystem health in the future.
Moreover, quantitative evaluation of changes in ESVs

at the watershed scale as well as the basin scale can eas-
ily create a common understanding of the ongoing
LULC dynamics and indicate the vulnerability of each
ecosystem service (Costanza et al. 1997; Cheng et al.
2018; Lin et al. 2018; Negash et al. 2020). Furthermore,
such an evaluation can also provide insight for decision-
making processes and help to develop a land-use plan-
ning framework vital for maintaining the sustainability
of natural resources (Costanza et al. 1997; de Groot
et al. 2012; Chen et al. 2020).

Limitations of this study
This study used the modified ESV coefficients (Kindu
et al. 2016) by employing the value transfer method to
estimate the impact of LULC change on ESVs. These es-
timations have uncertainties and limitations for the fol-
lowing reasons. First, this study assumes homogeneity of
the ESVs and no change within each LULC class (Kindu
et al. 2016; Lin et al. 2018). However, the variation and
complexity of human activity and environmental systems
can cause expected errors by value generalization and
transfer. For example, as a result of their small areal ex-
tent compared with other LULC classes, eucalyptus and
riverine trees are categorized in the natural forest LULC
class in Aba Gerima and Debatie watersheds, whereas
eucalyptus trees are categorized as plantation LULC
class in Guder watershed (Table TS2). Also, both natural
forest and plantation land in the study area were
grouped in the tropical forest biome, whereas they have
different influences on biodiversity (e.g., Putz and
Redford 2010; Taki et al. 2011; Ulya et al. 2019). Second,
even though we classified the LULC of the study areas
using an integrating, screen-digitizing technique and

very high-resolution satellite images, there is some un-
certainty associated with the accuracy of LULC classifi-
cation (Berihun et al. 2019a). Third, although plantation
and natural forest have different responses in some eco-
nomic values of biodiversity (e.g., Bremer and Farley
2010; Putz and Redford 2010; Taki et al. 2011; Liu et al.
2019; Ulya et al. 2019), we assumed similar ESV coeffi-
cients for both LULC classes, as in previous studies in
Ethiopia and elsewhere (e.g., Kindu et al. 2016; Tolessa
et al. 2017b; Tolessa et al. 2017a; Gashaw et al. 2018; Lin
et al. 2018; Wang et al. 2018; Yang et al. 2018; Chen
et al. 2020). For example, previous studies in Guder
watershed showed that the responses of various ecosys-
tem services such as forage biomass production, soil
properties improvement, runoff, and gully erosion con-
trol to noticeably higher in natural forest than A. decur-
rens plantations (Berihun et al. 2019b; Yibeltal et al.
2019a, 2019b; Abebe et al. 2020). However, the value or
the impact of this plantations for biodiversity and eco-
system services varies with the species type and can vary
on the basis of whether the original land cover was na-
tive or exotic tree species are planted (Bremer and Farley
2010; Paquette and Messier 2010; Onyekwelu and Olabi-
wonnu 2016; Ulya et al. 2019). When established on de-
graded lands rather than replacing natural ecosystems,
plantations positively to contribute to biodiversity (Bre-
mer and Farley 2010; Ulya et al. 2019). In this study,
therefore, plantations positively supported the biodiver-
sity values of the watershed because plantation activities
(particularly in Guder watershed) were conducted on
areas degraded by cultivated land (Fig. 6b, c; Berihun
et al. 2019a). It is possible that the values of the planta-
tion ecosystem services in Guder watershed were overes-
timated because they were assigned ESV coefficients
similar to natural forest. Fourth, khat cultivation was in-
troduced in the Aba Gerima watershed during 2005
(Berihun et al. 2019a) and currently a common practice
at this watershed for both socio-economic and agro-
ecological reasons (Birhane 2014; Abeje et al. 2019). Un-
like bushland, this perennial crop (khat) needs a supply
of water by irrigation at the early stage and then it be-
comes evergreen shrub (Birhane 2014; Kandari et al.
2014). Despite such difference, the same ESV coefficient
was assigned for both LULC classes (Khat and bushland)
since khat cultivation has been categorized under a large
shrub family (Kandari et al. 2014).
Moreover, as described in previous studies (e.g., Wang

et al. 2015; Tolessa et al. 2017b; Mamat et al. 2018;
Wang et al. 2018; Negash et al. 2020), sensitivity coeffi-
cients can be calculated to validate the reliability of
study results, and in these studies the value coefficients
of ESVs were adjusted by 50% in most cases. However,
we did not apply this method for the reasons briefly de-
scribed in previous studies (e.g., Gashaw et al. 2018; Lin
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et al. 2018). The use of the sensitivity coefficients
method to test the constancy of evaluation results was
criticized by Aschonitis et al. (2016), because the value
of sensitivity coefficients is often less than one even
when value coefficients were adjusted by 25%, which in-
dicates that the coefficients are erroneously robust.
Therefore, we did not employ the sensitivity coefficients
analysis method.

Conclusions
We evaluated the impact of LULC changes on ESVs
from 1982 to 2016/17 by employing modified ESV coef-
ficients and the value transfer method in contrasting
agro-ecological environments: Guder (highland), Aba
Gerima (midland), and Debatie (lowland) watersheds of
the Upper Blue Nile basin. Our results reveal that the
expansion of cultivated land at the expense of natural
vegetation (bushland, forest, and grazing land) clearly re-
duced the total and individual ecosystem services ran-
ging from US$ 58 thousand (35%) in Aba Gerima to
US$ 31 thousand (29%) in Debatie watershed between
1982 to 2016/17. In contrast, the unprecedented expan-
sion of plantations mainly as A. decurrens, resulted in a
recovery of total ESV by US$ 71 thousand (54%) in
Guder watershed after 2006, following a decrease of
about US$ 61 thousand (32%) between 1982 and 2006.
Importantly, the loss of forested land and the expansion
of cultivated land were the major contributors to the re-
duction of ESV in Aba Gerima and Debatie as well as in
Guder watershed from 1982 to 2006. Specific ecosystem
services, such as provisioning (mainly as food produc-
tion) and regulating services (mainly as erosion control
and climate regulation) accounted for most of the total
ESVs in the study watersheds. The total and specific
ESVs were negatively associated with population growth
and the expansion of cultivated land at the expense of
vegetation cover over the study period. However, a posi-
tive association between population growth and ESV in
Guder watershed during 2012–2017 mainly resulted
from changes in farming practices because of the
farmers’ growing interest in allocating more land to
plantations (predominantly A. decurrens) to remedy a
decline in soil fertility and for income generation activ-
ities such as firewood and charcoal production. There-
fore, future measures and directions should focus on
improving vegetation cover through plantation activities,
as in Guder watershed, to avoid the expected loss of
ESV due to expansion of cultivated land evident in the
midland and lowland watersheds.
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