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Abstract Ethiopia faces high risk of soil carbon depletion for
nearly half of its total land mass largely due to forest clearing
and continuous cultivation. Conversion of natural ecosystems
to cultivated agriculture resulted in losses of between 20 and
50% of the soil C stocks in the first meter of the soil depth. Dry
Afromontane forests of northern Ethiopia have faced vast ex-
ploitation, and almost all these forests have been converted to
agricultural lands affecting the functionality and stability of
agroecosystem. Here, we studied the effect of land use-land
cover changes on soil organic C, total N, and soil C seques-
tration. Specifically, (a) we characterized major soils of the
Desa’a Dry Afromontane forest, northern Ethiopia, and (b)
we analyzed the organic C and total N contents of soils with
varying land use-land cover types of the Desa’a Dry
Afromontane forest. Results show that soil organic C (1.9%)
and total N (0.3%) were higher for the middle landscape po-
sition than that observed for the upper and lower landscape
positions. Soil organic C that ranged from 1.2 in farmland to
2.3% in dense forest also varied with land use-land cover
types. Concentration of soil organic C was different among
dense forest (2.3%), open forest (1.7%), grazing land (1.6%),
and farmland (1.2%). Due to the effect of land use-land cover
types, soil total N varied from 0.2% in the farmland to 0.3% in
the dense forest. The soil organic C and total nitrogen of the
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top and lower layer soils were 2.0 and 1.5 and 0.2 and 0.3%,
respectively. The soil organic C sequestration for dense forest
was significantly higher (48.5 t ha ') than that of grassland,
open forest, and farm land. The top soil sequestered higher
soil organic C (44.9 thaﬁl) than the lower soil layer. Thus, the
top soil layers of dense forest at the middle landscape posi-
tions stored significant amount of soil organic carbon.
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1 Introduction

Ethiopia faces high risk of soil carbon depletion for nearly half
of'its total land mass largely due to forest clearing and contin-
uous cultivation (Solomon et al. 2002; Mulugeta 2012). Soils
store organic carbon (Woodfine 2009) globally estimated to a
total of about 2500 gigaton which is twice of that in the atmo-
sphere and four times in aboveground biomass (Batjes 1999;
Eswaran et al. 1993; Lal 2004; Lehmann 2009). Conversion
of natural ecosystems to cultivated agriculture and pasture
land resulted in losses of between 20 and 50% of the soil
carbon stocks in the first meter of the soil depth (FAO
2007). Conversion of natural ecosystems to cultivated agricul-
ture resulted in losses of between 20 and 50% of the soil C
stocks in the first meter of the soil depth. Dry Afromontane
forests of northern Ethiopia have faced vast exploitation due
to the intensification land-use changes has affected the func-
tionality and stability of agroecosystem (shown in Fig. 1).
Soil carbon sequestration is the removal and storage of
carbon dioxide from the atmosphere in soils through
physical or biological processes, such as photosynthesis
(IPCC 2001). Restoration of degraded land is the key to
address sustainability in rapidly changing global scenarios
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Fig. 1 The Dry Afromontane
forests of northern Ethiopia have
faced vast exploitation, and
almost all these forests have been
converted to agricultural lands
and pasturelands (transformation
from picture a to picture b)

(Crossley et al. 1992). A common goal for the restoration of any
natural ecosystem is to recover autogenic processes to the point
where assistance from restorations is no longer needed.
Therefore, the major challenge is to facilitate natural regenera-
tion and create habitats where they can thrive and recreate the
forest (Alemayehu 2007; Berhanu 2000). The need for assessing
soil properties has been expanded for determining the conse-
quences of management practices on soil quality relative to the
sustainability of forest ecosystems (Schoenholtz et al. 2000).
The physical and chemical characteristics of forest soils vary
in space and time because of variations in topography, climate,
weathering processes, vegetation cover, microbial activities, and
several other biotic factors (Paudel and Sah 2003). Variations in
soil nutrients across slope gradients are the results of combined
factors of natural and human driven activities. Nutrient dynam-
ics is the main driving force for determining physical and chem-
ical properties of soils within a soil mapping unit at different
locations and soil depth ranges (Bhandari and Ficklin 2009).
Leaf litter in forests is an important factor in the transfer of
energy and plant nutrients to forest soils. Climatic factors may
strongly affect the nutrient status of litter since storms, and dry
periods may give rise to early litter fall (Johnson 1995).

The soil carbon stock varies with land use and land man-
agement systems; hence, the uncertainty in soil carbon stock
data is high. Despite the advances in soil survey around the
world, data on soil bulk density is scarce relative to that on soil
organic carbon content. Both variables are needed for the cal-
culation of volume-based soil organic carbon stock and its
possible change; consequently, a modeling approach is re-
quired to fill the gap between the available soil data in order
to produce a soil carbon assessment. Carbon stock in the top
30 cm of soil in humid tropical forests ranges from 5 to
180 Mg ha ' (IPCC 2006), and changes in soil carbon content
are influenced by various factors such as soil tillage and or-
ganic matter inputs (Sigua et al. 2009; Sigua and Coleman
2010). About 30% of soil organic matter may be lost when
forest is converted to agricultural plantations (Murty et al.
2002).

The Dry Afromontane forests of Ethiopia (Fig. 1) have
faced vast exploitation and almost all these forests have been
converted to agricultural lands (EFAP 1994; Demel 1997,
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Tesfaye et al. 2003), except for small fragments that were left
in the most inaccessible areas or around churches (Alemayehu
etal. 2005; Aerts et al. 2006). The disappearance of the forests
has been most drastic during the past 100 years. In the begin-
ning of the 1900s, the forested area of the country was esti-
mated at about 40% (EFAP 1994) but downscaled to 4.2% in
2001 (FAO 2001). The forest cover for Tigray region in north-
ern Ethiopia has been reported to be less than 1% of the land
area (TFAP, Tigrai Forestry Action Program 1996). These
remnants are found in small patches dispersed over the region,
of which Desa’a protected forests area is one. Desa’a
protected area makes one of the 59 National Forests Priority
Areas (NFPAs) in Ethiopia (BoPED 1995). This particular
area deserved additional assessment because of the following
reasons: (a) it has a better concentration of biodiversity; (b) it
is the largest natural reserve compared to the other few small
patches found dispersed in the region; and (c) it can better
explain the evolution and type of threats that prevailed in
forest of the region (Zenebe 1999). Hence, this study aims at
understanding the effect of land use-land cover changes on
soil organic carbon, total nitrogen, and soil carbon sequestra-
tion. Specific objectives were as follows: (a) to characterize
major soils of the Desa’a Dry Afromontane forest, northern
Ethiopia and (b) to analyze the organic carbon and total nitro-
gen contents of soils with varying land use-land cover types of
the Desa’a Dry Afromontane forest.

2 Materials and methods
2.1 Description of the study area

Desa’a natural forest priority area is located at the eastern
border of Eastern Tigray Zone, (13° 20'-14° 10" N; 39° 32'—
39°55"E). Itis composed of Dry Afromontane forest which is
situated on the border between two regions of Ethiopia, name-
ly, Tigray and Afar regions (Fig. 2). In the Tigray region, it
touches two Woredas; Atsbi-Womberta in its northwest and
Enderta in its southwest. The part of the protected area that
lies in the Afar region touches the Kuneba and Abala
Woredas. Desa’a forest is located about 80 km northeast of
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Fig. 2 Map showing the Desa’s Forest study area

Mekelle city, the capital of the Tigray Regional State (BoANR
IDC 1997). Most of Desa’a forest is believed to lie within the
Tigray region, although clear borders are not delineated yet on
the ground. In 1993, the forest was declared as an NFPA and
its current boundaries were delineated at that time (Zenebe
1999).

Topographically, the forest extends in an easterly direction
downslope from the ridges of the western Escarpment of the
Great East African Rift Valley towards the Dallol Basin and
forms a climatic buffer zone between the cool highlands of
Tigray and the hot lowlands in Afar region. The altitude of the
area ranges from 900 m above mean sea level (AMSL) at the
lower limit to about 3000 m AMSL at the plateau (Zenebe
1999). About 45% of the area has a slope class greater than
30% (Ermias 2011). Geologically, a large part of Desa’a forest
is formed on Enticho sandstone and crystalline Precambrian
basement (Alemayehu et al. 2005; Asfawossen 2002). The dom-
inant soil types are leptosols, cambisols, vertisols, regosols, and
arenosols (BoANR IDC 1997). The study area is located in a
semiarid agroecological zone where the climate is influenced by
topography and exposure to rain-bearing winds (Nyssen et al.

Ethiopia Regions

Projection UTM Zone 37
WGS 84 Adindan

2005). The data collected from meteorological stations located
adjacent to the study area indicate that the plateau section of
Desa’a forest receives a mean annual rainfall of 532 mm
(Assefa 2005). Average temperature in the region is estimated
to be 18 °C but varies greatly with altitude. The minimum and
maximum temperatures of the area (Fig. 3) also vary in the range
of 7.5 to 19.3 and 22.6 to 33.4 °C, respectively (Zenebe 1999).

2.2 Soil sampling and analysis

During the field survey, various soil types were described.
Three sites that represent the major soil types occurring in
the Desa’a Dry Afromontane forest were identified.
Morphological properties of the soils were described accord-
ing to the FAO (1998) guidelines for soil description. A total
of 21 soil samples were collected from each genetic horizon or
layer of the soil pedons and analyzed for some soil physico-
chemical properties. Soil morphological properties were not
included in this paper.

The study area was categorized into three landscape posi-
tions, upper; middle, and lower, and four major land use land
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Fig. 3 a Annual rainfall (Assefa 2005) and b mean monthly rainfall and
mean monthly temperature of Desa’a forest recorded at Atsbi
meteorological station, northern Ethiopia

cover types, dense forest, open forest, farmland, and grazing
land. Soil samples were randomly taken at the depth of 0-20
and 2040 cm from each sampling site. A total of 72 soil
samples were collected and transported to the laboratory,
dried out in open air, and prepared to pass 2 mm mesh.

The soil organic carbon content was determined using
the Walkley and Black (1934) wet combustion method
using a mixture of orthophosphoric acid and barium diphe-
nylamine sulfonate indicator and titrated with ferrous sul-
fate solution to a light green end point. The soil organic
carbon content of each soil sample was then calculated and
reported in percent. The total soil nitrogen in the soil sam-
ples was determined using the micro-Kjeldahl digestion
and distillation (Bremner and Mulvaney 1982) method
through destruction of organic matter by oxidation; the
distillate was titrated using a 0.1 N HCI to pink end point.
Finally, total nitrogen content of each sample was calculat-
ed based on the readings obtained from the titration and
reported as percent total nitrogen. The bulk density of the
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soil was determined from undisturbed soil samples using
the core sampling technique.

The soil organic carbon accumulated in the soils was used
in order to determine the amount of the sequestrated carbon
(g/m?) according to Mahdavi et al. (2011) using the equation
below.

Cc=1000 x Cx BD x e

where Cc is the amount of the sequestrated carbon; C is the
accumulated amount of carbon (%) per unit of sampling depth
of soil; BD is the bulk density (g/cm®) of the soil; and e de-
notes the thickness of the soil depth in centimeters.

2.3 Statistical analysis

The different soil properties were statistically analyzed using
the split-split plot design. The landscape positions (upper, mid-
dle, and lower) were considered as the main plot treatments, the
land use-land cover types (dense forest, open forest, farmland,
and grazing land) as sub-plot treatments, and the soil depths as
sub-sub-plot treatments. During the statistical analysis, land
use-land cover types (i.e., the sub-plot treatments) were com-
pared to each of the landscape positions (i.e., to the main plot
treatments) and to each of the soil sampling depths (i.e., to the
sub-sub-plot treatments). Data were input and summarized
using a Microsoft Excel software. Analyses of variances
(ANOVAs) were computed. Soil properties with significant
differences for each factor or combination of factors were sep-
arated using the least significant difference (LSD) test using the
“MSTATC” software (Freed 1991).

3 Results and Discussion
3.1 Soil organic C

Soil organic carbon was significantly (p < 0.01) affected by
landscape position. The observed soil organic carbon was sig-
nificantly higher (1.9%) for middle landscape position than
that observed for the upper and lower landscape positions by
13.1 and 21.4%, respectively (Table 1). There was no signif-
icant difference in soil organic carbon contents between the
upper and lower landscape positions. The upper landscape
position had higher soil organic carbon mean value than the
lower landscape position.

Soil organic carbon also varied significantly (p < 0.05) with
land use-land cover type that ranges from 1.2 to 2.3% in Desa’a
forest (Table 1). The highest mean value was recorded on the
dense forest, while the lowest was on farm land use type. Soil
organic carbon of dense forest (2.3%) was significantly
(p < 0.05) greater than the open forest (1.8%), grazing land
(1.6%), and farmland (1.2%). The dense forest had higher value
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Table 1  Effects of landscape position, land use-cover type, and soil depth on selected soil physical and chemical properties at Desa’a Forest area
Treatments BD Particle size distribution
Sand Silt Clay oC TN C/N CS
(g/em’) (%) (%) (%) (%) (%) (tha)
Landscape
ULS 1.21c 39.3a 24.2b 36.5a 1.69b 0.22b 8.17a 38.94b
MLS 1.22b 34.2b 30.5a 35.3b 1.92a 0.26a 7.34b 4341a
LLS 1.23a 34.9b 30.5a 34.6b 1.58b 0.23ab 7.21b 37.41c
LSD(g.0s) 0.08 0.99 0.8 0.9 0.13 0.03 0.26 0.57
Land use
OF 1.18bc 36.19b 29.19b 34.62¢ 1.77b 0.29a 6.92b 38.60c
DF 1.11c 33.12d 31.65a 35.23bc 2.30a 0.31a 7.29b 48.54a
FL 1.33a 40.02a 24.14c 35.84ab 1.24c 0.15b 7.97a 32.45d
GL 1.26ab 35.58¢ 28.58b 35.84a 1.62b 0.19b 8.10a 40.09b
LSD(g.0s) 0.13 1.02 0.88 1.02 0.28 0.09 0.44 1.31
Soil depth
Top 1.19b 33.80ab 30.67a 35.53a 1.97a 0.26a 7.71a 44.89a
Lower 1.25a 38.40a 26.13b 35.46a 1.50b 0.20b 7.44b 34.95b

Means within the column, followed by the same letters, are not significantly different at 5% level

BD bulk density, ULS upper landscape, MLS middle landscape, LLS lower landscape, OF open forest, DF dense forest, L farm land, GL grazing land,
CS carbon sequestered, Soil depth (0-20 cm), Lower soil depth (20-40 cm), LSD s, least significant difference at p < 0.05

in soil organic carbon than the open forest, grazing land, and
farmland by about 0.5, 0.7, and 1.1%, respectively (Table 1).

The soil organic carbon of the top and lower soil depths
were 1.9 and 1.5% (Table 1). The soil organic carbon of top
soil depth was higher than the lower soil depth by about 0.5%.
The total nitrogen of the two soil depths ranges from 0.2 to
0.3%; mean value recorded on the top soil was higher by
about 0.1% than that of the lower soil layers. As a result, the
C/N ratio of the top and the lower soil layers were 7.7 and 7.4
leading to a variation by a factor of 3.5%. The estimate on
carbon sequestration varied significantly (p < 0.05) between
the top and lower soil depths. The top soil depth sequestered
higher carbon (44.9 t ha ') than the lower soil layer by about
9.9% (Table 1).

The soil organic carbon contents as affected by the interac-
tions among the land use types and soil depths range from 1.2
to 2.6% (Table 2). The highest mean value was recorded on
top soils of the dense forest. The lowest soil organic carbon
was recorded on the lower soil depths of farmland use type.
The top soils of dense forest (DF-T) had significantly
(p <0.05) higher carbon contents of 2.6% than other combi-
nations (Table 2). Similarly, soil organic carbon contents
ranges from 1.1% on farmlands of the middle landscape posi-
tion to 2.7% in the dense forest of the middle landscape posi-
tion (Table 2).

On many other studies, it has been found that conver-
sion of forest land to cultivated land and grazing land re-
sults in loss of soil organic carbon. Similarly, results of our

study showed the highest soil organic carbon for soils un-
der dense forest followed by open forest land, grazing land,
and farmland in both soil depths of 0-20 and 20—40 cm.
The total nitrogen was also highest in soils under dense
forest. Furthermore, we have observed a strong correlation
between the soil organic carbon and the total nitrogen as
well as different land use-land cover types. Research re-
sults from the Amazonian basin (e.g., Desjardins et al.
2004) indicate that conversion from forest to pasture in-
duced an increase in soil organic carbon content. They
suggested that pasture management plays an important role
in soil organic carbon accumulation or loss. However,
Yimer et al. (2006, 2007) reported that soils under forest
and grazing land showed no significant difference with
respect to soil organic carbon and total nitrogen contents.
The conversion of grassland to pasture, and vice versa, prob-
ably does not lead to large changes in soil organic carbon
stocks, unless the land is overgrazed (Houghton and Goodale
2004). Whether pasture soils are a net sink or a net source of
soil organic carbon will depend on their pasture management
(Feamside and Barbosa 1998). Pastures with grazing intensity
strongly influenced soil organic carbon declines and/or in-
creases after land conversion. If pastures are overgrazed, inputs
from aboveground parts are reduced, and soil carbon stocks
could have decreased (Murty et al. 2002; Wei et al. 2010). As
expected, the difference is most pronounced in the top soil (0—
20 cm) depth than in the lower soil depth (2040 cm) for both
soil organic matter and total nitrogen. The nearer to the soil
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Table 2

and chemical properties of Desa’a Forest area

Interaction effect of land use-land cover type and depth, landscape position and land use/cover type, and landscape and depth on soil physical

Treatments BD (g/cm3 ) Particle size distribution (%)
Sand Silt Clay OC (%) TN (%) C/N CS (tha™)

LUC xD
OF-T 1.15b 34.81cd 29.04c¢ 36.15bc 1.778bc 0.33a 6.64b 38.54cd
OF-L 1.22ab 37.57b 29.35¢ 33.08d 1.763bc 0.26ab 7.21cd 38.66cd
DF-T 1.10b 29.9¢ 32.41a 37.69b 2.652a 0.33a 7.64bc 56.49a
DF-L 1.12b 36.34bc 30.88b 32.78d 1.956b 0.28ab 6.96cd 40.59¢
FL-T 1.28ab 36.03bcd 28.74c 35.23¢ 1.434cd 0.18ab 7.69bc 36.53d
FL-L 1.38a 44.01a 19.55¢ 36.44bc 1.051d 0.12b 8.27ab 28.38f
GL-T 1.22ab 34.5d 32.41a 33.09d 2.002b 0.22ab 8.89a 48.01b
GL-L 1.29ab 35.73cd 24.75d 39.52a 1.232d 0.15b 7.33cd 32.17e
LSD.0s) 0.21 1.728 1.443 1.702 0.4757 0.1648 0.74 2.207

LS x LUC
ULS-OF 1.23ab 38.64b 23.84c 37.52¢ 1.58cde 0.22abc 8.66b 38.28cd
ULS-DF 1.03b 31.74ef 28.42b 39.84bc 2.52ab 0.21abc 7.02cd 49.37b
ULS-FL 1.31ab 53.35a 21.55d 25.10g 1.35de 0.33a 9.66a 33.53¢
ULS-GL 1.28ab 33.58de 22.90cd 43.52a 1.34de 0.19abc 7.35¢ 34.5%
MLS-OF 1.14ab 37.74b 29.34b 32.92def 1.99bc 0.24ab 5.88¢ 38.95¢
MLS-DF 1.08ab 34.04de 33.95a 32.01ef 2.73a 0.21abc 7.84bc 57.02a
MLS-FL 1.35a 29.90f 28.44b 41.66ab 1.05¢ 0.03¢c 7.09cd 28.28f
MLS-GL 1.31ab 34.95cd 30.27b 34.78d 1.91bcd 0.26ab 8.58b 49.40b
LLS-OF 1.17ab 32.20ef 34.40a 33.40de 1.73cd 0.33a 6.24de 38.59¢
LLS-DF 1.22ab 33.59de 32.57a 33.84de 1.66cde 0.28ab 7.04cd 39.23¢
LLS-FL 1.34a 36.80bc 22.45¢cd 40.75b 1.33de 0.18abc 7.18cd 35.54de
LLS-GL 1.18ab 36.80bc 32.57a 30.63f 1.60cde 0.12bc 8.39b 36.28cde
LSD(g.0s) 0.28 2.33 1.98 233 0.64 0.20 0.99 2.99

LS xD
ULS-T 1.23ab 38.64ab 25.21c 36.15ab 1.94ab 0.19bcd 8.46a 46.92a
ULS-L 1.19ab 40.02a 23.14d 36.84a 1.46¢ 0.35ab 7.88ab 30.96¢
MLS-T 1.13b 31.29d 33.01a 35.70abc 2.29a 0.12d 7.21c 48.15a
MLS-L 1.31a 37.03¢ 27.97b 35.00bc 1.55¢ 0.19cd 7.48bc 38.68b
LLS-T 1.21ab 31.51d 33.71a 34.78bc 1.67bc 0.36a 7.47bc 39.60b
LLS-L 1.25ab 38.19bc 27.29b 34.52¢ 1.49¢ 0.34abc 6.96¢ 35.20bc
LSD(g.0s) 0.16 1.40 1.16 1.38 0.38 0.17 0.59 1.78

Means within the column, followed by the same letters, are not significantly different at 5% level

BD bulk density, LUC land use/cover, D depth, OF open forest, DF dense forest, FL farm land, GL grazing land, 7 top (020 cm), L lower (2040 cm);
LS landscape, ULS upper landscape, M middle, LLS lower landscape, CS carbon sequestered

surface, the greater influence of land use change will have on
the carbon content. The topsoil contains the most labile soil
organic carbon sources, i.e., those most readily decomposed
by soil microbes. Therefore, if soil organic carbon inputs are
reduced, microbes will continue to decompose the existing or-
ganic matter until the majority of the soil organic carbon will
exist as stable and inert complexes (Walker and Desanker
2004).

The gross differences in carbon inputs among the different
land uses in our study were within the range of the results
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reported from research conducted in the southern parts
of Ethiopia and elsewhere in the world (Davidson and
Ackerman 1993; Solomon et al. 2002; Lemenih and
Itanna 2004; Walker and Desanker 2004). Solomon et al.
(2000) reported similar results from their study conducted
in the semiarid tropics of Tanzania. However, the amounts
of soil organic carbon reported here for the sub-humid
tropical highland ecosystems studied are higher than the
amounts reported for low land humid tropical forest soils
(Van Noordwjik et al. 1997).
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On the other hand, Yimer et al. (2006, 2007) reported 69%
of soil organic carbon and 68% of total nitrogen in cropland
(15 years with barley cultivated) in comparison to forest land
soils from a study conducted in the Bale Mountains for the
upper 100 cm soil depth. In Chemoga watershed of northwest-
emn Ethiopia, Bewket and Stroosnijder (2003) found 87% of
soil organic carbon in a cultivated field at higher elevation
(3200-3500 m AMSL) and only 11% of the soil organic car-
bon in a site with lower elevation (25002600 m AMSL).
Differences in soil organic carbon from the sites can be attrib-
uted to the basic differences in soil type, vegetation, and other
climatic and management factors. This also indicates that
further research is needed to address the issue in a more
comprehensive way by considering all possible site factor
combination and relation to get reliable results at the country
level, which, in turn, is needed to estimate increased carbon
storage and to mitigate CO, emissions in the country.
Lemenih and Itanna (2004) concluded that national estimates
of CO, emissions on the basis of few data sets will be highly
unrealistic, particularly given the wide topographic, vegeta-
tion, climatic, and edaphic variabilities in Ethiopia. They sug-
gested increasing the efforts in acquiring reliable information
on the types of forest available, annual area cleared for each
type, and the amount of carbon losses associated with conver-
sion of each forest type for reliable accounting of national
scale CO, emissions as related to land use change and forestry
in Ethiopia.

The litter from certain tree species may also be rich in
phenolic and lignin, factors that greatly slow decomposition
and carbon losses (Brady and Weil 2002). The rate of humus
oxidation in the undisturbed forest would be considerably
lower than in the tilled field because the litter would not be
incorporated into the soil and the absence of physical distur-
bance would result in slower soil respiration. It is logical to
expect that conversion of forests to pasture would decrease
soil organic carbon stocks, as the temperature of the soil in-
creases markedly when exposed to the sun in the pasture, a
factor known to shift the equilibrium between formation and
oxidation of organic carbon to a lower plateau (Feamside and
Barbosa 1998). In both soil depths, C/N ratio of grazing land
and farmland is significantly higher than dense and open for-
est land. It can be assumed that this is caused by high turnover
rates of soil organic carbon as well as heavy extraction of N by
most crops and continuous low input cultivation in the area.

Reductions in carbon inputs, due to biomass removal, plus
increased losses by erosion and runoff with agricultural prac-
tices can further change the soil organic carbon dynamics
(Craswell and Lefroy 2001). Carbon compounds can be phys-
ically protected from breakdown by aggregation and the phys-
ical integrity of the organic material and by organic and min-
eral coatings, such as humified and clay particles, respectively
(Oades 1988). Disruption of these physical and chemical bar-
riers during tillage can increase soil organic carbon

breakdown. Understanding the controlling factors in the
breakdown of organic residues is likely to become an impor-
tant factor in developing more sustainable farming systems
(Craswell and Lefroy 2001).

Soil erosion, which is a common phenomenon in Ethiopia,
also contributed to loss of soil organic matter (Yimer et al.
2006, 2007; Tang et al. 2010). Erosion can cause translocation
of a considerable amount of soil, and often, the carbon content
of the moving material is at least twice that of the average top
soil, as lighter fractions (including surface plant litter) are
transported more readily than heavier ones. In addition to
losses from biomass removal, nutrients can be lost from
deforested sites by increased soil nutrient mobilization and
leaching, especially when little vegetation is present at the site
(Hajabbasi et al. 1997). The subsequent decline will have
important consequences for crop production because organic
matter supplies most of the nitrogen taken up by unfertilized
crops (Lemenih et al. 2005). From environmental point of
view, soil organic matter plays a critical role in the global
carbon balance, which is thought to be the major factor affect-
ing global warming or the greenhouse effect (Brady and Weil
2002). Our research results that deal with soil organic carbon
differences among different land uses will allow more under-
standing and quantifying efforts to mitigate the CO, emission
atnational level in the country by improving land use practices
through restoration of soil fertility and reforestation.

3.2 Soil Total nitrogen

The concentration of total nitrogen of soils in the middle land-
scape (0.26%) position was significantly (p < 0.05) higher
than the upper (0.22%) and lower (0.23%) landscape positions
(Table 1). Total nitrogen was significantly different among the
farmlands at the upper and middle landscape positions and
grazing at the lower landscapes.

Similar to that of soil organic carbon, total nitrogen
(0.31%) was highest in the dense forest, while the lowest
mean value was recorded in farmland. The total nitrogen for
samples obtained from dense forest was higher than that ob-
tained from grazing land and farmland by about 0.12 and
0.16%, respectively. Total nitrogen values of samples gathered
from dense and open forest showed non-significant (p > 0.05)
difference.

Total nitrogen for the top soil depth (0-20 cm) was signif-
icantly (p < 0.001) higher than the lower soil depth (20—
40 cm) depth of the dense forest (Table 1). Even though there
is no statistically significant difference between the dense for-
est and the open forest land, higher total nitrogen was regis-
tered for dense forest than the open forest soil for both soil
depths. For all land uses, the upper (020 cm) depth showed
higher nitrogen content than the lower depths (2040 cm).
Soil total nitrogen ranges from 0.13% obtained from lower
soil layers of the middle landscape to 0.37% on top soils of
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the lower landscape position. Our results could be related to
soil erosion in our study site. Soil erosion, which is a common
phenomenon in Ethiopia, also contributed to loss of soil or-
ganic matter (Yimer et al. 2006, 2007). Erosion can cause
translocation of a considerable amount of soil, and often, both
the carbon and nitrogen contents of the moving material are at
least twice that of the average top soil, as lighter fractions
(including surface plant litter) are transported more readily
than heavier ones. In addition to losses from biomass removal,
nutrients can be lost from deforested sites by increased soil
nutrient mobilization and leaching, especially when little veg-
etation is present at the site (Hajabbasi et al. 1997). The sub-
sequent decline will have important consequences for crop
production because organic matter supplies most of the nitro-
gen taken up by unfertilized crops (Lemenih et al. 2005).
From environmental point of view, soil organic matter plays
a critical role in the global carbon balance, which is thought to
be the major factor affecting global warming or the green-
house effect (Brady and Weil 2002).

Despite of some differences in the soil organic carbon
content and total nitrogen, all findings indicated that soils
under dense forest land have higher soil organic carbon and
total nitrogen than soils under grazing land and farmland.
Solomon et al. (2002) attributed the depletion of organic mat-
ter in the farmland soils to the drastic reduction of organic
matter input and tillage practices, which frequently exposes
aggregates to physical disruption by rapid wetting and rain
drop impact as well as through shearing by agricultural imple-
ments. The net effect on the loss of soil organic matter could
be explained by the stimulation of oxidation and exposure of
the originally inaccessible organic matter to the attack of soil
microorganisms. During cultivation, most mineralized organic
nitrogen is lost and phosphorus reverts to unavailable forms,
associated with calcium, iron, or aluminum in tropical soils
(Tiessen et al. 1994). Incorporation of residues during tillage
operations reduces the size of residue particles and increases
the contact with soil particles and biota, thus producing in-
creased breakdown of recently added organic carbon.
Similar results were reported by Sigua et al. (2014). They
reported that a number of factors could have affected the car-
bon mineralization of biochars. The rapidity and stability with
which given biochars are oxidized in the soil will depend on
biochars’ physical and chemical compositions and the physi-
cal and chemical conditions of the surrounding soil environ-
ment. In addition, the C/N ratio of the biochars, the age of the
feedstocks, and the degree of disintegration or particle size of
the biochars govern the rate of their decomposition.

3.3 C/N ratio
The C/N ratio was significantly (p < 0.05) affected by land

use-land cover type with average values ranging from 6.9 to
8.1 in Desa’a forest (Table 2). The C/N ratio in grazing land
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was recorded as the highest while the lowest mean value was
in the open forest. The C/N ratio was significantly (p < 0.05)
affected by land use-land cover. The observed C/N value was
higher for grazing land than for dense forest and open forest
by 0.81 and 1.18, respectively. The C/N ratio showed higher
values for grazing from both land use types and for dense
forest from both land cover types.

The C/N ratio of the interaction between landscape positions
and land use types ranges from 5.9 on open forest at the middle
landscape to 9.7 on the farmlands at the upper landscape
(Table 2). The C/N ratio ranges from 6.9 to 8.5 (Table 2). The
highest was recorded on top soils of the upper landscape and
lowest on lower soil layers of lower landscape position. The
significant effect of the interactions of landscape positions and
soil depths on C/N ratio is shown in this order: ULS-T > MLS-
L > LLS-T > MLS-T = LLS-L. There was no significant dif-
ference in C/N ratio between middle and lower landscape po-
sitions. Even though there is no significant difference between
middle and lower landscape positions, a much higher mean
value was recorded in the middle landscape position. The
C/N ratio showed significant difference for 0-20 cm depth
(p < 0.001), among grazing land and other land uses in both
depths. However, there was no significant difference between
grazing land at the top soil depth and farm land at lower soil
depth. The differences in the soil C/N can be attributed to
topographic aspect-induced microclimatic differences, which
are causing differences in the biotic soil component.
Differences in microclimate are often linked to varying soil
moisture and erosion potential and, in turn, could be used to
explain distribution of plant communities. Plants on south-
facing slope are also more exposed to direct sunlight and are,
therefore, subjected to intense sun, which results in higher sur-
face temperatures and a drier environment while north-facing
slope can benefit forage production because of lower surface
temperature and wetter environment. Bonan (1989) also report-
ed that north-facing slopes and level sites receive less solar
radiation than south-facing slopes and, therefore, tend to be
cooler and wetter. Most of the sunlight on northern aspects
may be considered as reflected light from the atmosphere called
diffuse sunlight. It has been suggested that nitrogen dynamics is
the key parameter in regulating terrestrial carbon in the long
term. Increased nitrogen deposition could increase atmospheric
CO, by stimulating biomass accumulation, hence affecting the
long-term soil C/N (Giardina et al. 2003).

3.4 Carbon sequestration

The land use-land cover changes of the Desa’a Dry
Afromontane forest was studied since 1970 by several re-
searchers. The area coverage of each land use-cover type in
2010 was used to estimate the carbon sequestered at the top
and lower depths of the forest soil for this study. The result
showed that the highest amount of carbon sequestered at the
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top soil (109 t haﬁl) and sub-soil (114.7 t haﬁl) on the dense
forest followed by the grassland with sequestered carbon
about 105.7 t ha ' on the top soil and 83.4 t ha ' in the sub-
soil. The open forest had 83.7 and 63 t ha ' of carbon seques-
tered by the topsoil and sub-soil, respectively. The farmland
had the lowest amount of carbon sequestration (26.1 t ha ' in
topsoil and 17 t ha ' by sub-soil). Our results were consistent
with the findings of Zhang et al. (2013) and Prietzel and
Bachman (2012). They reported that soils with different veg-
etations have different litter decomposition processes leading
to the difference in release of carbon and nitrogen to soil. Tree
species with different plant characteristics and stands can im-
pact retention and sequestration of soil organic carbon and
nitrogen. This may be partly explained by the increased of
aboveground biomass and litter that add more organic matter
to the soil. Similar study reported that converting soils under
agriculture into perennial land use may increase soil organic
carbon (Lal 2004).

Land use-land cover changes directly affect the carbon se-
questration rate in soils of Desa’a forest. Carbon sequestration
was significantly affected by the changes of land cover type
and different soil depths. The dense forest had significantly
higher carbon sequestration compared with grazing land, open
forest land, and farmland due to minimal disturbance in the
dense forest compared to other land use cover types. Overall,
there was more soil carbon sequestered in the dense forest
compared with other land use types. Reports from around
the world indicate that the soil organic carbon declined by
20 to 43% after natural forest or perennial grassland is con-
verted to agricultural land (Deng et al. 2016; Don et al. 2011).
Afforestation and revegetation have been proposed as effec-
tive methods for reducing atmospheric CO, due to carbon
sequestration in vegetation and soils (IPCC 2007).

Carbon sequestration values showed significant difference
among the three different landscape positions: MLS > ULS >
LLS (Table 2). The carbon sequestration of middle landscape
position (43.4 t ha ') showed higher mean values than those
values obtained for the upper (38.9 t ha ') and lower
(37.4 t ha ") landscape positions. Likewise, estimated carbon
sequestration was significantly (p < 0.05) affected by land use-
cover type (Table 2). The overall order of carbon sequestration
among the different land use-land cover is as follows: DF >
GL > OF > FL in Desa’a forest.

Soil carbon sequestration values of the interactions of the
landscape positions and land use/cover types ranges from
28.28 t ha ' on farmland at the middle landscape to
57.0tha ' on the dense forest at the middle landscape position
(Table 2). The carbon sequestration values of the interaction of
middle landscape with dense forest were found to be signifi-
cantly higher (57.0 t ha™") than all interactions of the land-
scape positions with land use types (Table 2). The differences
in the soil carbon sequestration may be attributed to topo-
graphic aspect-induced microclimatic differences, which are

causing differences in the biotic soil component. Differences
in microclimate are often linked to varying soil moisture and
erosion potential and, in turn, could be used to explain distri-
bution of plant communities. Plants on south-facing slope are
also more exposed to direct sunlight and are, therefore, sub-
jected to intense sun, which results in higher surface temper-
atures and a drier environment, while north-facing slope can
benefit forage production because of lower surface
temperature and wetter environment. Bonan (1989) also re-
ported that north-facing slopes and level sites receive less
solar radiation than south-facing slopes and, therefore, tend
to be cooler and wetter. Most of the sunlight on northern
aspects may be considered reflected light from the
atmosphere called diffuse sunlight. Our results are consistent
with the results of Coble et al. (2001) who reported that in
typical forest environment, south-facing slope is less produc-
tive than north-facing slope.

4 Conclusion

The soil carbon sequestration of middle landscape position
(43.4 tha ') showed higher mean values than those obtained
for the upper (38.9 t ha ') and lower (37.4 t ha ) landscape
positions. The carbon sequestration for dense forest was sig-
nificantly higher (48.5 t ha ') than grassland, open forest, and
farm land. The estimate on carbon sequestration varied signif-
icantly (p < 0.05) between the top and lower soil depths. The
top soil depth sequestered higher carbon (44.9 t ha ') than the
lower soil layer.

Our results support the hypothesis that conversion of forest
to other land use may lead to massive losses in soil carbon, soil
nitrogen, and other nutrients. Thus, the present land manage-
ment is not sustainable. For low external input farming system
in the study area, the changes in soil organic carbon and other
parameters will have implications in productivity of the sys-
tem as well as environmental degradation. The influence of
land use change is more pronounced in the 0-20 cm depth
than 2040 cm depth indicating the effect of management
more on the upper soil depth. The global effort towards find-
ing sustainable solutions to the greenhouse effect has identi-
fied the potential of soils as a carbon sink. However, for an
accurate and reliable large-scale determination of soil organic
carbon stock, density depends on soil organic carbon density
determination at local or small-scale level (Su et al. 2006).

Furthermore, our present research demonstrated that the
land use-land cover changes could directly affect the soil
physical and chemical properties, especially soil organic car-
bon status. Below are few recommendations based on the
outcome of our study:

* There is a need for change in policies and strategies for
sustainable land use that will integrate development with
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sustainable management of the environment. Improved
management of soils is very essential to sustain soil qual-
ity and improve the productivity of farmlands which, in
turn, can help to reduce deforestation and soil degradation;

*  Awareness creation especially for farmers who live nearby
the Desa’a forest on the benefits of having a protected
forest area and use of their land in a sustainable ways;

» Different stake holders like governmental and NG organi-
zations and researchers have to create knowledge to gen-
erally orient the society regarding the enhancement of
global warming in relation to unwise use of land and forest
resources;

* Implementation of socioeconomic incentives like that of
fertilizer subsidy and other packages to induce land users
to promote or adopt sustainable land management prac-
tices; and

+ Adoption of public based on knowledge and evidences
obtained through research on the role of soil organic car-
bon in mitigating climate change as well as the potential
for financial benefits from the carbon trading systems.

A common goal for the restoration of any natural eco-
system is to recover autogenic processes. Therefore, the
major challenge is to facilitate natural regeneration and
create habitats where they can thrive and recreate the for-
est. In our study, we demonstrated the need for assessing
soil properties that has been expanded for determining the
consequences of management practices on soil quality
relative to the sustainability of forest ecosystems. The soil
carbon stock varies with land use and land management
systems; hence, the uncertainty in soil carbon stock data is
high. Despite the advances in soil survey around the
world, data on soil bulk density is scarce relative to that
on soil organic carbon content. Both variables are needed
for the calculation of volume-based soil organic carbon
stock and its possible change; consequently, a modeling
approach is required to fill the gap between the available
soil data in order to produce a soil carbon assessment. Our
results provided valuable information for the data and
research gap applicable to other countries having similar
problems of continued land use and land cover changes
due changing climate.
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