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Abstract

Background: Grazing by livestock and cultivation have been considered as two important causes of soil erosion
and nutrient export. However, there has been limited evidence that grazing or cultivation matters to soil erosion
and nutrient export in Ethiopia. Hence, this study was conducted in the Galesa watershed in Ethiopia to examine
the effects of grazing and cultivation on runoff, soil loss, and nutrient export. Daily values of runoff, soil erosion, and
nutrient outflow were measured for three consecutive years following standard procedures. Independent t test was
performed to check if the means of runoff, soil loss, and nutrient loss from grazing and cultivated lands were
significantly different. Moreover, repeated analysis of variance (ANOVA) was used to test if mean values of runoff,
soil loss, and nutrient export varied significantly over the study years.

Results: Although the average annual runoff depth was 7.8% higher in grazing land (GL), soil erosion was
significantly lower (39%) in GL as compared to cultivated land (CL). Similarly, sediment and runoff-associated annual
losses of total nitrogen (N), available phosphorus (P), exchangeable potassium (K), and organic carbon (OC) were
low in the GL treatments. Lowest losses of total N (9.30 kg ha−1 year−1), available P (0.83 kg ha−1 year−1), and
exchangeable K (1.84 kg ha−1 year−1) were recorded in GL treatment. Likewise, lowest losses of sediment-associated
total N (32.8 kg ha−1 year−1), available P (0.39 kg ha−1 year−1), exchangeable K (0.23 kg ha−1 year−1), and soil organic
carbon (630 kg ha−1 year−1) were recorded from GL over the 3 years of experimentation.

Conclusion: Our results indicate that cultivation increased soil erosion as compared to grazing. Although there were
significant reductions in soil erosion and nutrient export from grazing lands compared with cultivated lands, the
absolute losses were still high. This implies the need for grazing land management using appropriate physical and
biological erosion control measures to increase productivity and reduce soil erosion as well as nutrient export.
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Introduction
More than 80% of the total population of Ethiopia is en-
gaged in agricultural activities (CSA 2012). However, the
Ethiopian agricultural economy, which is the mainstay of
the vast majority of its population, is under continuous
threat from various forms of land degradation. Among
these, soil erosion by water and nutrient export are the
most important ones resulting in low agricultural

productivity (Blaikie 1985; Hurni 1989; Shiferaw and
Holden 2000; Nyssen et al. 2004; Descheemaeker et al.
2006; Gessesse et al. 2015; Meten et al. 2015; Miheretu
and Yimer 2017). Ethiopia has been described as one of
the countries in the world with the most serious soil
erosion, with an estimated total annual soil loss ranged
from 16 t ha−1 year−1 (Gebreegziabher et al. 2008) to 179
t ha−1 year−1 (Shiferaw and Holden 1999) in croplands.
Besides soil losses, runoff and nutrient losses are import-
ant production constraints for crop production. Loss of
rainwater as runoff limits water available for crop
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production and groundwater recharge (Rao et al. 1998;
Nyssen et al. 2005). Nutrient export from agricultural
land represents an economic loss to the farmer and may
contribute to water pollution in the downstream water
bodies (Mwendera and Saleem 1997; Mwendera et al.
1997). Some evidence shows that soil erosion is costing
the Ethiopian economy about 4.3 billion USD per year
(Gebreselassie et al. 2016). This means that there is an
urgent need to tackle the problem of soil erosion and re-
store degraded areas to enhance overall system product-
ivity. The major drivers of land degradation in the
country include increasing human and livestock popula-
tion pressure, inappropriate land use, and poor manage-
ment of land and water resources (Tolessa et al. 2018;
Shiferaw and Holden 2000).
Among others, overgrazing by livestock has been con-

sidered as one of the most important causes of soil ero-
sion and nutrient export in Ethiopia (German et al.
2006; German et al. 2008; Thornes 2007; Bezabih et al.
2014; Bedasa and Hussein 2018; Terefe et al. 2020).
However, runoff, soil, and nutrient losses are highly vari-
able due to variations in land use, topographic, edaphic,
and climatic factors (Belayneh et al. 2019; Melak et al.
2019). Although some studies showed that gully forma-
tion is more common in grazing areas, mainly due to
overgrazing and preferential management of cultivated
areas by farmers (Tamene et al. 2017; Tamene et al.
2006), there is limited information on whether grazing
or cultivation reduces runoff, soil loss, and nutrient ex-
port in Ethiopia (Mekuria et al. 2007; Harweg and Ludi

1999). It will thus be important to generate quantitative
evidences regarding grazing and cultivated lands in rela-
tion to runoff, soil loss, and nutrient export. This will fa-
cilitate planning and decision-making at different levels
where to focus on livestock production, crop production,
or both (Alemayehu et al. 2013). Hence, the aim of this
study was to assess the influence of grazing and cultiva-
tion on runoff, soil loss, and nutrient export in Ethiopian
highlands.

Materials and methods
Description of experimental site
The Galesa watershed is located in the central highlands
of Ethiopia between 09°06′54″N to 09°07′52″N and
37°07′16″E to 37°08′54″E (Fig. 1). As shown in the fig-
ure, administratively, the site is situated in the Dendi
District West Shewa Zone of the Oromiya Regional
State. The watershed is part of the Awash basin which
covers 340 ha and supports livelihood of about 900
people belonging to 170 households (Adimassu et al.
2008). The watershed has elevations ranging from 2907
to 3089 m above sea level.
The farming system is typical mixed crop-livestock

production system and the dominant crops grown in
the area are barley (Hordeum vulgare), potato (Sola-
num tuberosum), and enset (Ensete ventricosum). Live-
stock play important roles in the farming system as a
source of nutrition, income, draught power, and pro-
vide organic fertilizer (Megersa et al. 2013). Trees in
the system are few and watershed residents have little

Fig. 1 Location of the study watershed
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access to remnant distant forests. As a result, animal
dung isused as fuel (German et al. 2008). The soil at
the experimental site is Nitisols with red, deep, and
well drained characteristics. The physical and chem-
ical properties of the soils in the experimental site are
presented in Table 1. The experiment was conducted
at a clay texture soil with 63% clay content. The bulk
density of the soil of the experimental land was 1.08
g cm-3. As shown in Table 1, the soil is acidic (pH of
5.2) with low organic carbon content (2.9%). The
average total nitrogen and available phosphorus are
also shown in Table 1. During the start of the main
season, the ground cover of both land use types was
very poor which contributed higher soil loss and run-
off and nutrient export.
Rainfall data for the watershed were collected from

a rainfall station installed near the experimental run-
off plots. The average annual rainfall at the experi-
mental plots during the study period was nearly 1400
mm with coefficient of variation of 10% (Fig. 2).
There are two rainy seasons in the study area—belg
and meher. Belg is a short and light rainy season usu-
ally lasts from February to April, while meher is long
and the main source of rainfall, which lasts from June
to September. In general, the rainfall pattern in the
study site is similar to other parts of the country in
which large proportion of the rainfall is concentrated
in the meher rainy season (Nyssen et al. 2005;
Cheung et al. 2008; Gebreegziabher et al. 2008). Ac-
cordingly, the average meher rainfall in the study area
constituted 78% of total rainfall. During the 3-year
study, 293 rainy days were recorded during the meher
season. It was 78 rainy days (782 mm) in 2007, 102
rainy days (1188 mm) in 2008, and 113 rainy days
(1032 mm) in 2009.

Experimental setup, data collection, and analysis
Two treatments consisting of grazing land (GL) and culti-
vated land (CL) with barley as a test crop were used for
this experiment over 3 years. Barley variety HB 1307 with
seeding rate of 175 kg ha−1 was planted using broadcasting
after the land was tilled three times (based on the local
practices in the study area). Fertilizer was not applied to
cultivated lands to avoid the confounding effects of
fertilizer application on nutrient export. Treatments were
replicated three times. Grazing plots were protected for 2
weeks after the onset of rainfall to allow the growth of
grasses. Then after grazing, lands were grazed by livestock
(mainly cattle and sheep). On average, 4 cattle and 5 sheep
were grazing every 5–7 days based on the availability of
grasses in the plot. The average time animals grazed were
6 h per day. Cattle and sheep were used for grazing in
which they were the dominant livestock types in the study
area. After harvesting, livestock were allowed to graze dur-
ing the rest of dry season.
Six hydrologically isolated runoff plots of 35m long and

6m wide (210m2) were laid on a uniform land slope of
16% and bounded by galvanized sheet metal of 60 cm
wide, 15 cm of which was inserted into the ground to pre-
vent lateral flow of runoff and nutrient (Fig. 3). As illus-
trated in the figure, the runoff sample was taken using
multi-slot divisors. Accordingly, the surface runoff was
collected in the first tank, which also overflows into a sec-
ond tank via a multi-slot (nine-slot) that allowed the over-
flow into the second tank (five-slot) that also leads runoff
to the last tank (Kothyari et al. 2004). The volume of run-
off in each tank (box) was measured every 24 h (at 9:00
AM) and then total runoff volume per plot was calculated.
The total amount of eroded soil was estimated by fil-

tration of composite samples collected from both tanks
after thoroughly mixing the runoff and sediment col-
lected in them (Heron 1990; Hudson 1993). The sedi-
ment retained after filtration (paper type: Whatman No.
1, pore size 1.2 μm) was oven-dried at 105 °C for 24 h,
weighed and compared with the weight of another filter

Table 1 Physico-chemical properties of the soil at experimental
site before the implementation of the study

Soil characteristics Values

Soil physical properties

Bulk density (g cm–3) 1.08

Particle size distribution

Sand (%) 15.6

Clay (%) 62.6

Silt (%) 21.8

Soil texture class Clay

Soil chemical properties

pH (1: 1 H2O) 5.21

Organic carbon (%) 2.91

Total nitrogen (%) 0.13

Available phosphorus (ppm) (Bray II method) 14.22

Fig. 2 Monthly rainfall distribution of the study area during the
study period
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paper of the same size, after filtration of an equal vol-
ume of pure water, as a control (Kothyari et al. 2004).
Soil loss (t/ha) was calculated based on the volume of
runoff and the sediment concentration. The daily soil
loss from each plot was calculated by multiplying the
total runoff with the sediment concentration.
Soil and runoff samples leaving each plot were taken

for nutrient analysis to determine soil nutrient export as-
sociated with sediment and runoff. After thoroughly stir-
ring the content of runoff collectors, composite samples
were taken for nutrient analysis. The samples were kept
in the bottles for 4–5 h in the laboratory at room
temperature for sedimentation. After sedimentation, the
topmost water in each bottle was collected for runoff-
associated nutrient analyses and determination of
runoff-associated nutrient outflow. The nutrient analysis
from runoff was done within 24 h. Then nutrient losses
from runoff of each plot were calculated by multiplying
the average concentration of each nutrient in the runoff
with total runoff volume.
Similarly, the settled sediment in the containers was air-

dried and used for sediment associated nutrient analysis.
Total N, available P, exchangeable K, and organic matter
(OM) were measured from the sediment. Total nitrogen
was determined using the micro-Kjeldahl method (Brem-
ner 1965) while that of available P by Bray II method (Bray
and Kurtz 1945). Exchangeable K was determined by
using ammonium acetate leachate method (Asadu 1996).
Soil organic carbon (SOC) was determined using Walkley
and Black wet digestion method (Allison 1965). The total
losses of each nutrient from the sediment were calculated
by multiplying the total sediment leaving each plot with
the average nutrient concentration. Then, total nutrient
export of each nutrient is the sum of runoff-associated
and sediment-associated nutrient loss. Since laboratory
analysis was expensive, soil nutrient analyses were exe-
cuted only twice per season.
Finally, data from different experimental plots were ana-

lyzed separately in order to understand the effect of graz-
ing and cultivation on runoff, soil erosion, and nutrient

export. Microsoft Office Excel 2013 and Statistical Pack-
age for Social Sciences (SPSS v.17) were used to analyze
the data. Independent sample t test was performed to test
whether the changes in runoff, soil erosion, and nutrient
export were significantly different (p <0.05) between graz-
ing and cultivation. Moreover, repeated analysis of vari-
ance (ANOVA) was performed to test whether runoff, soil
loss, and nutrient loss varied significantly over the years.
Before analysis, assumptions of ANOVA and t test includ-
ing normality, equal variance (homogeneity), and inde-
pendence of samples were checked.

Results and discussions
Influence of grazing and cultivation on runoff
The total values of runoff depth and runoff coefficients
during the study period in different years for different
treatments are shown in Table 2. Over the 3 years, an
average of 281mm and 259mm runoff depth was gener-
ated from GL and CL, respectively. The annual runoff
depth varied from 219mm in 2007 from the CL treat-
ment to 325 mm in 2008 from the GL treatment. The
lowest annual runoff in 2007 was in response to the cor-
responding lower annual rainfall depth (782 mm). The t
test (p < 0.05) shows that significantly higher runoff was
generated from GL treatment as compared to CL treat-
ment mainly during the experiment in 2008 and 2009.
The minimum runoff from CL might be due to intercep-
tion and infiltration enhanced by tillage and crop cover.
Higher runoff from GL might be due to low infiltration
rate that can be explained in two ways. Firstly, cattle
trampling during grazing may reduce infiltration. Sec-
ondly, low surface roughness resulted from lack of cultiva-
tion can contribute to low infiltration rate. Our result is in
line with other studies elsewhere in Ethiopia and beyond.
Adimassu et al. (2019), Gebresamuel et al. (2009), and
Woyessa and Bennie (2007) reported higher runoff depths
from non-tilled plots as compared to tilled plots in differ-
ent parts of Ethiopia. A recent study in semi-arid Tigray
region of Ethiopia also showed higher runoff production
(50%) in rangeland compared cropland (26%) (Taye et al.

Fig. 3 Experimental setup of runoff plots with runoff collection tanks. a Grazing land and b cultivated land
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2013). Similarly, the high runoff depth from grazing land
was reported in India compared with cultivated land (Rao
et al. 1998). As opposed to our findings, higher runoff
values were recorded from cultivated land of Tigray com-
pared with other land use types such as grazing land, plan-
ation, and exclosure (Girmay et al. 2009). In addition,
cultivated land yielded significantly higher runoff com-
pared to the other land use types such as grazing land, ex-
closure, and eucalyptus plantation (Nyssen et al. 2000;
Girmay et al. 2009).
As shown in Table 2, runoff coefficient varied from

24% from CL in 2009 to 30% from GL in 2007. The
average runoff coefficients were 28 and 26% from GL
and CL treatments, respectively. Similar to runoff, the t
test (p < 0.05) shows that the runoff coefficient from GL
treatment was significantly higher compared to runoff
coefficient from CL treatment during 2008 and 2009
(Table 2). Previously reported annual runoff coefficients
in Ethiopia were 38% in the cultivated Vertisols of
Ginchi watershed (Worku and Hailu 1999) and 40% in
the cultivated lands of Tigray (Gebresamuel et al. 2010,
Gebreegziabher et al. 2008). Another study also showed
that 16 to 47% of rainfall was converted into runoff in
the grazing lands of Northwestern Ethiopia (Alemayehu
et al. 2013). Taye et al. (2013) reported 40–50% and 15–
25% runoff coefficient in rangelands and croplands

conserved with stone bunds, respectively, in the Tigray
region of Ethiopia. In the same region, 5–21% runoff co-
efficient in grazing land and 21–40% in cultivated lands
were recorded (Girmay et al. 2009). Such variability in
runoff coefficient might be due to variations in land use,
land management practices, topography, soil and rainfall
characteristics, and scale of measurement.
Table 3 shows the results of repeated ANOVA regard-

ing the variability of runoff over the 3-year study. As
shown in the table, runoff significantly varied over the 3
years. Accordingly, runoff in 2008 was significantly
higher than the runoff in 2007 and 2009.
As shown in Fig. 4, a positive and significant correl-

ation between rainfall and runoff was observed in both
treatments across the years. Statistically significant rela-
tionships as revealed by high values of coefficients of de-
termination (R2) were also derived through regression
between rainfall and runoff for the two treatments. R2

for GL was 0.8, 0.86, and 0.88 in 2007, 2008, and 2009,
respectively. Similarly, R2 for CL was 0.7, 0.81, and 0.85,
respectively. This implies that rainfall explains about 70
to 90% of the variation in runoff for both land use types.
Our result is in line with the findings of Adimassu and
Haile (2011) that strong relationship (R2 = 0.8) existed
between rainfall and runoff with in wheat cultivation in
the central highland of Ethiopia.

Table 2 Runoff (mm) and runoff coefficient (%) in grazing land (GL) and cultivated land (CL) over the three study years

Runoff Runoff coefficient

Year Treatments Mean ± SD (mm) t p value Mean ± SD (%) t p value

2007 GL 234.8 ± 9.3a 2.37 0.077 30.01 ± 1.19a 2.371 0.077

CL 218.8 ± 7.1a 27.97 ± 0.09a

2008 GL 325.1 ± 5.4a 5.28 0.006 27.27 ± 0.49a 5.157 0.007

CL 305.7 ± 3.3b 25.70 ± 0.27b

2009 GL 282.0 ± 7.3a 5.82 0.004 27.57 ± 0.50a 6.013 0.004

CL 251.7 ± 5.3b 24.37 ± 0.70b

Average GL 280.7 ± 39.6a 1.19 0.250 28.22 ± 1.50a 2.945 0.01

CL 258.7 ± 38.4a 26.03 ± 1.67b

Columns with different letters are significantly different at 0.05 level, GL grazing land, CL cultivated land, SD standard deviation

Table 3 Soil loss (t ha–1) in grazing land (GL) and cultivated land (CL) over the three study years

Year Treatments Mean ± SD (t ha–1) t p value Change in soil loss (%)

2007 GL 31.8 ± 2.1b − 6.60 0.003 34.6

CL 42.8 ± 2.1a

2008 GL 33.5 ± 0.6b − 7.85 0.001 48.1

CL 49.6 ± 3.5a

2009 GL 33.7 ± 2.6b − 5.10 0.007 31.5

CL 44.3 ± 2.5a

Average GL 32.9 ± 1.9b − 8.80 0.0001 38.6

CL 45.6 ± 3.9a

Columns with different letters are significantly different at 0.05 level, GL grazing land, CL cultivated land, SD standard deviation
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The rainfall-runoff relationship (Fig. 4) also shows rainfall
threshold (the minimum rain depth above which runoff gen-
eration occurs) (Girmay et al. 2009; Descheemaeker et al.
2006). As shown in Fig. 4, the threshold rainfall varied across
study years even with in the same land use type. Accord-
ingly, rainfall thresholds in GL were 4.6, 2.9, and 3.5mm
during 2007, 2008, and 2009 study years, respectively. Simi-
larly, the average rainfall thresholds in CL were 4.1, 2.3, and
3mm during 2007, 2008, and 2009 study years, respectively.
This variation of rainfall threshold in the same land use type
under different study years might be mainly attributed to
variations in rainfall intensity across years.

Influence of grazing and cultivation on soil losses
Soil loss varied from 31.8 t ha−1 year−1 in GL treatment
in 2007 to 49.6 t ha−1 in CL treatment in 2008 (Table 4).

Annual soil losses from GL and CL treatments are sig-
nificantly different with higher soil loss (45.6 t ha−1) rates
in CL and lower (32.9 t ha−1) rates in GL treatment.
Lower soil loss in GL treatment is due to the fact that
soil surface was not exposed to rainfall impact for de-
tachment as compared to cultivated/tilled/soil surface.
However, Nyssen et al. (2009) reported higher soil loss
in rangelands (t 17 t ha−1 year−1) compared to cultivated
land with stone bunds (10 t ha−1 year−1) in the Tigray re-
gion of Ethiopia. This shows the positive effect of stone
bunds in controlling soil erosion. Taye et al. (2013) also
reported higher seasonal soil loss in rangeland (30–50 t
ha−1 year−1) compared to cropland (6–19 t ha−1 year−1).
Other previous studies in Ethiopia showed highly vari-
able annual soil loss records from different land uses.
For instance, Hurni (1993) reported 42 t ha−1 year−1 from
cultivated lands in the highlands of Ethiopia. The soil
loss in cultivated lands of Tigray ranged from 17.5 to
56.7 t ha−1 year−1 (Gebreegziabher et al. 2008; Girmay
et al. 2009). Harweg and Ludi (1999) reported annual
soil loss ranging from 2 t ha−1 year−1 in Maybar to 110 t
ha−1 year−1 in Anjeni highlands of Ethiopia. Bosshart
(1997) reported soil losses of 61 t ha−1 year−1 from the
cultivated catchment of Anjeni highland of Ethiopia.
This variation can be explained in two ways. Firstly,
there is high variation in rainfall, topography, and soil
characteristics. For instance, areas in Tigray region re-
ceive lower annual rainfall compared with other

Table 4 Runoff and soil loss in grazing land (GL) and cultivated
land (CL) over the three study years

Year Runoff (mm), mean ± SD Soil loss (t ha–1, mean ± SD)

GL CL GL CL

2007 234.8 ± 9.3b 218.8 ± 7.1b 31.8 ± 2.1a 42.8 ± 2.1a

2008 325.1 ± 5.4a 305.7 ± 3.3a 33.5 ± 0.6a 49.6 ± 3.5a

2009 282.0 ± 7.3b 251.7 ± 5.3b 33.7 ± 2.6a 44.3 ± 2.5a

p value 0.015 0.050 0.550 0.300

Columns with different letters are significantly different at 0.05 level, GL
grazing land, CL cultivated land, SD standard deviation

Fig. 4 Rainfall-runoff relationships in grazing land (GL) and cultivated land (CL) during the study period (2007–2009)
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Ethiopian highlands such as Anjeni. Secondly, it may be
due to variation in the sizes of experimental plots be-
cause measuring soil loss is scale dependent (Yaekob
et al. 2020; Stroosnijder 2005).
Generally, GL reduced soil loss by 35, 48, and 32%

during 2007, 2008, and 2009, respectively (Table 4).
The results of repeated ANOVA regarding the vari-
ability of soil loss over the 3-year study show that
soil loss was not significantly different over the 3
years’ period (Table 3). At plot level, this is expected
as the grass layer increases surface roughness (Walle
et al. 2006) and thus reduces erosion compared to
the barely crop which covers the land until late Au-
gust. Similar observations were made in other stud-
ies whereby soil loss from cultivated areas was
significantly higher than grazing/pastoral areas (e.g.,
Collins et al. 2001; Wang et al. 2003). Although
there is a relatively significant soil loss reduction in
grazing land compared to cultivated areas in the
study area, the absolute soil loss (32.9 t ha−1 year−1)
is still very high as compared to the maximum toler-
able soil loss estimated (2–10 t ha−1 year−1) (Hurni
and Messerli 1981). This suggests that additional soil
conservation measures such as stone and soil bunds
are required to reduce soil loss to acceptable limit in
grazing lands.

Influence of grazing and cultivation on nutrient export
Influence on sediment-associated nutrient export
The average concentrations of nutrients (nitrogen, phos-
phorus, and potassium) and soil organic carbon (SOC) of
the sediment leaving the experimental plots are presented
in Fig. 5. The results show that the concentration of total
N (g kg−1) ranged from 0.95 in the GL to 1.09 in the CL
plots. The concentration of total P (mg kg−1) ranged from
9.24 to 15.80 in GL and CL plots, respectively. Similarly,
the concentration of exchangeable K (mg kg−1) ranged
from 6.22 to 9.69 in GL and CL plots, respectively. The
concentrations of sediment associated N and K losses
were significantly higher in CL than in GL. Generally, the
average sediment-associated SOC export was not signifi-
cantly different between the two land use types (Fig. 5). As
shown in the figure, SOC export varied across the study
period. Accordingly, significantly higher SOC export was
recorded in CL compared to GL during 2007 and 2009. In
2008, however, SOC export was significantly higher in GL
compared to CL.
Taking into account the total soil loss from experi-

mental plots, GL significantly reduced nutrient losses.
The highest average losses of total N (47.8 kg ha−1

year−1), P (0.59 kg ha−1year−1) and K (0.39 kg ha−1year−1)
were recorded in CL (Table 5). On the contrary, the low-
est average losses of total N (32.8 kg ha−1 year−1), P (0.39

Fig. 5 Mean concentration of total nitrogen (N) (a), available phosphorus (P) (b), exchangeable Potassium (K) (c), and soil organic carbon (OC) (d)
from the sediment leaving the experimental plots. Different letters in each year are significantly different at 0.05 level. GL grazing land, CL
cultivated land. Error bars are standard errors of the means
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kg ha−1year−1), and K (0.23 kg ha−1 year−1) were recorded
in GL. Average losses (t ha−1 year−1) of SOC were 0.63
and 0.93, from GL and CL plots, respectively. This indi-
cates that GL reduced sediment-associated organic car-
bon losses by 32.3%.

Influence on runoff associated nutrient export
The nutrient analysis of the runoff leaving the experi-
mental plots showed that runoff water carries essential
plant nutrients (N, P, K). Asshown in Fig. 6, the average
concentrations of total N (mg L−1) in the runoff were
3.29 and 3.89 from GL and CL plots, respectively. The
average concentrations of P (g L−1) in the runoff were
0.29 and 0.33 from GL and CL plots, respectively. Simi-
larly, the average concentrations of exchangeable K (mg
L−1) in the runoff water were also 0.70 and 0.71, respect-
ively. The results showed that there was no significant
difference in the average concentrations of K, N, and P
between the treatments (Fig. 6).
Table 6 presents the annual nutrient losses from runoff

by taking into account the average nutrient concentration
in the runoff and the total runoff volume. As compared to
the CL, GL reduced runoff-associated losses of total N, P,
and K by 8, 5, and 8%, respectively (Table 6).
Although there was no significant difference in con-

centrations of P and K among the treatments, annual
losses were significantly different. This might be due to
the fact that the total annual runoff volume was higher
in GL as compared to CL. P losses from the plots are
not economically important, but it will have a negative

Table 5 Sediment associated mean annual losses of total N, available P, exchangeable K, and soil organic carbon (SOC) from the
sediment leaving the runoff plots

Year Treatments Total N (kg ha−1 year–1) Av. P (kg ha−1 year–1) Exch. K (kg ha−1 year–1) SOC (t ha−1 year–1)

2007 GL 31.48b 0.34b 0.20b 0.60b

CL 46.43a 0.50a 0.34a 0.96a

2008 GL 31.82b 0.47b 0.23b 0.66b

CL 54.05a 0.57a 0.40a 0.82a

2009 GL 35.00b 0.36b 0.27b 0.62b

CL 42.92a 0.70a 0.43a 1.00a

Average GL 32.77b 0.39b 0.23b 0.63b

CL 47.8a 0.59a 0.39a 0.93a

Columns with different letters are significantly different at 0.05 level, GL grazing land, CL cultivated land

Fig. 6 Mean concentrations of total nitrogen (N) (a), total dissolved
phosphorus (P) (b), and exchangeable potassium (K) (c) in the runoff
leaving experimental plots. GL grazing land, CL cultivated. Error bars
are standard errors of the means

Table 6 Runoff associated annual losses (kg ha−1 year−1) of total
nitrogen, available phosphorus (P), and exchangeable potassium
(K)

Year Treatments Total nitrogen Available P Exchangeable K

2007 GL 7.43a 0.66a 1.34a

CL 8.72a 0.48a 1.40a

2008 GL 10.92b 0.91b 2.18a

CL 12.25a 1.22a 2.05a

2009 GL 9.55a 0.91a 2.45a

CL 9.24a 0.90a 2.06a

Average GL 9.30a 0.83a 1.84a

CL 10.07a 0.87a 1.99a

Columns with the same letters are not significantly different at 0.05 level, CL
cultivated land, GL grazing land
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impact on the downstream water bodies because the
concentration of P in the runoff is in excess of the
threshold (> 0.1 mg L−1) (Wang and Sharply 2014; Klein-
man et al. 2011). The results of the repeated ANOVA
show that losses of total nitrogen, available phosphorus,
and exchangeable potassium were not significantly dif-
ferent over the years (Table 7).

Total nutrient export
The average total sediment and runoff associated nutri-
ent export are presented in Table 8. As shown in the
table, 42.1 kg ha−1 year−1 N, 1.2 kg ha−1 year−1 P, and 2.1
kg ha−1 year−1 K were lost from GL. However, 57.9 kg
ha−1 year−1 N, 1.5 kg ha−1 year−1 P, and 2.4 kg ha−1 year−1

K were lost from CL. Studies elsewhere in Ethiopia
showed that up to 60 kg ha−1 year−1 nitrogen and 150 kg
ha−1 year−1 phosphorus were removed with soil erosion
from cultivated lands (Habtegebrial et al. 2007). Girmay
et al. (2019) also reported 32.5, 0.2, and 5.3 kg ha−1

year−1 of total N, available P, and available K losses, re-
spectively, from cultivated lands. Similarly, 9, 0.1, and
1.2 kg ha−1 year−1 of N, available P, and available K, re-
spectively, were lost from grazing lands (Girmay et al.
2009).
In terms of fertilizers, 5.8 kg DAP, 89.2 urea, and 4.1

muriate of potash (MoP) were lost from GL. Similarly, 7
kg DAP, 123.1 kg urea, and 4.8 kg MoP were lost from
CL. In general, the total nutrient loss from GL was lower
compared with CL. However, the absolute nutrient
losses from GL and CL were still high. Hence, there is a
need to implement appropriate land management prac-
tices in both GL and CL. This implies that soil erosion
increases replacement cost for fertilizers in the studied
watershed.

Conclusions and implications
This study highlights the effects of cultivation and graz-
ing on runoff, soil erosion, and soil nutrient losses in the
central highlands of Ethiopia. The results showed that
grazing land reduced soil erosion and nutrient loss com-
pared with cultivated land. However, the actual losses

from grazing land are still high. This indicates that phys-
ical erosion control measures as well as planting multi-
purpose trees and grasses are needed to reduce runoff,
soil, and nutrient losses from both grazing and cultivated
lands. This study does not support the claim that de
facto grazing system in Ethiopia signifies a serious soil
erosion problem and reduces land productivity. Mixed
crop and livestock production systems in the Ethiopian
highlands are important and have been practicing hand
in hand for centuries. Hence, better management of
grazing and cultivated lands can reduce soil loss and en-
hance sustainable intensifications of crop-livestock farm-
ing system in the highlands of Ethiopian.

Limitation of the study
In order to compare grazing and cultivated lands,
fertilizer was not applied in both land use types. The ac-
tual nutrient export could have been higher in cultivated
land compared with grazing land and this implies that
the study might underestimate the nutrient export from
cultivated lands. This study was also carried out in small
runoff plots of 210 m2 each. Such small plots might
overestimate runoff, soil loss, and nutrient exports com-
pared with watershed level measurements. Since runoff
plots were placed adjacent to croplands, grazing was
somehow controlled and might not represent the free
grazing practices in the area.
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