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Abstract

There has been an incessant conversion of natural forests to agricultural land uses such as farmlands, grasslands
and parkland agro-forestry in Africa during the last century. This study investigated changes in soil organic carbon
(SOC) and total nitrogen (TN) stocks following the conversion of a natural forest to coffee-based agro-forestry,
grazing grassland and well-managed maize farm in a sub-humid tropical climate of Ethiopia. Soil samples (up to
Im depth) were taken from each of these four land use types. Taking the natural forest as a baseline and with
duration of 35 years since land use conversion, the total SOC and TN stocks were not significantly different
(P > 0.05) among the different land use types when the entire 1m soil depth was considered. However, in the upper
0-10cm soil depth, the SOC and TN stocks were significantly higher (P < 0.05) in the natural forest than the
agricultural land use types. There were different patterns of SOC and TN distributions along the soil depths for the
different land use types. The SOC stocks decreased with depth in natural forest, but did not show any increasing
or decreasing trends in maize farm, grazing grassland, and coffee-based agroforestry. The results of this study
revealed that the negative effects of converting natural forests to agricultural land use types on SOC and TN can
be prevented through appropriate land management practices in cultivated and grazing lands and use of proper
agroforestry practices in a sub-humid tropical climate.
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1. Introduction

About six million km? of forests have been converted to farmlands worldwide since 1850 (Lambin et al., 2003; de
Souza et al., 2013; Kalema et al., 2014; Konig et al., 2014; Bruun et al., 2015). In Africa, native vegetation
including woodlands and grasslands have increasingly been converted to farmlands (Diouf & Lambin, 2001;
Millennium Ecosystem Assessment, 2005). Similarly, there has been a continuous conversion of forests to
farmlands in Ethiopia since the 1970’s (Reusing, 2000; Tadesse, 2001; Biazin & Sterk, 2013). Since the last four
decades, the expansion of crop lands has gone to marginal lands of the Ethiopian highlands that are prone to
land degradation (Zeleke & Hurni, 2001; Moges & Holden, 2009; Gebrehiwot et al., 2010; Biazin & Sterk, 2013).
The annual rate of deforestation in Ethiopia is 1.1% of the remaining forest area (FAO, 2010).

Tropical soils are important carbon pools as they hold 36-60% of carbon in soil ecosystems (Malhi et al., 1999;
Yimer et al., 2007; Don et al., 2011). Particularly, soils of high altitude tropical ecosystems are crucial in the global
terrestrial carbon cycle as they have large stock as well as a potential candidate for carbon-based greenhouse gas
emission, especially from peat soils (Sihi et al. 2016b, 2017b) which could be sensitive to climate change (Post et
al., 2009; Yang et al., 2010). According to Don et al (2011), the highest losses of soil organic carbon (SOC) in the
tropics were caused by conversion of forests into croplands (-25%) and perennial crops (-30%).This is mainly
attributed to the decrease in organic matter inputs to the soil consistent with deforestation and the increased
decomposition and erosion caused by soil disturbance in cultivated soils (Murty et al., 2002; MacLauchlan, 2006).

The effect of land use and land cover (LULC) changes from forests to agricultural land use types such as grasslands,
pasture, agro-forestry and croplands on SOC showed no constant trends around the world (Guo & Gifford, 2002;
Murty et al., 2002; Don et al., 2011; Mohawesh et al., 2015; Yu et al., 2015). A meta-analysis by Guo and Gifford
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(2002) indicated that the SOC stocks increased by 8%following the conversion of forests to grasslands. However,
another meta-analysis by Don et al. (2011) indicated that the SOC stocks decreased by 12%followingconversion
of forests into grasslands. A review by Murty et al. (2002) revealed that there were no consistent changes in soil
carbon following conversion of forests to unmanaged pasture. According to Conant et al. (2001), there could be
sequestration of atmospheric carbon following land use conversion from either native vegetation or cropland to
grassland depending on the type of management. Therefore, lack of constant trends on soil carbon dynamics
following the conversion of forests to grasslands and pasture suggests that site-specific studies are required to
understand the trends in SOC and TN stocks under a given agro-climatic and management conditions.

Although Africa is one of the current hotspots of LULC changes and degradation of native vegetation, there has
been insufficient data to examine the consequent effects on SOC and total nitrogen (TN) dynamics including
changes along the vertical soil profile (Don et al., 2011). Such lack of adequate information on the effect of LULC
changes on SOC and TN dynamics may hamper the sustainable management and use of the soil resources in
tropical ecosystems. The remnant native vegetation in southern Ethiopia has been constantly converted to crop and
grazing grasslands, and coffee-based agro-forestry (Dessie & Kleman, 2007; Garedew et al., 2009; Moges &
Holden, 2009). However, there have been meager studies that examined the impacts of converting natural forests
to well-managed agricultural land uses on SOC and TN dynamics in Ethiopia. The knowledge about the effect of
converting natural forests to traditional agroforestry on SOC and TN stocks are generally limited (Demessie et al.,
2013). Most global studies on soil carbon dynamics focused on the top 30-40 cm soil depths while the carbon
dynamics in the deeper soil layers are less studied (Meersmans et al., 2009; Yang, 2010). Hence, further studies
are required to examine changes of SOC and TN stocks at lower depths and examine the redistribution in the soil
profile following conversion of natural forests to other land use types.

The objective of the study was, therefore, to investigate the long-term effect of converting natural forests to
agricultural land use types on SOC and TN stocks and their vertical distribution in the soil profile under a sub-
humid tropical climate of Southern Ethiopia. It was hypothesized that conversion of natural forests to agricultural
land use types could reduce soil organic carbon and total nitrogen stocks in about four decades. Therefore, in this
study, the SOC and TN stocks were compared between agricultural land use types and an adjacent natural forest
from which they were converted. The study also examined the redistribution of soil organic carbon and total
nitrogen stocks among the different soil depths following the conversion of natural forests to well managed
agricultural lands use types.

2. Materials and Methods
2.1 Site Descriptions

The study was conducted in Wondo Genet area (around 7°06° N and 38°37° E) at the eastern escarpment of the
Central Rift Valley of Ethiopia (Figure 1). It is located about 260 km south of the capital city, Addis Ababa, and
has an altitude of 1840-1980 meters above sea level. The study area has a sub-humid tropical climate with a mean
annual rainfall of 950 mm. The rainfall pattern is bi-modal, with short rainy season during March - May accounting
for 34% of total rainfall, and long rainy season during June - October accounting for more than 55% of total rainfall
(Figure 2). The remaining 11% of the annual rainfall occurs during November — February. However, it is highly
variable between years both in terms of distribution during the months and total annual amounts. The mean
monthly temperature is 20°C with mean monthly maximum and minimum values of 27°C and 13°C, respectively
(analyzed from long-term meteorological data of 1981-2010 at Wondo Genet College).

The bed rock in the area is mainly of basaltic composition, often overlaid by volcanic ash deposits from the late
tertiary period (Anon, 1973). It is dominated with well-drained sandy loam and loam soils of high permeability
and classified as MollicAndosols (FAO, 1988; Yimer, 2002). The top layer of the soil has a pH of 6.0 and Cation
Exchange Capacity of 19.7-21.7 meq/(100 g soil) (Teklay, 2004).
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Figure 2. Long-term mean annual rainfall (Mean), 20% probability of exceedance (P-20), and 80% probability of
exceedance (P-80) in Wondo Genet, Southern Ethiopia

2.2 Description of the Studied Land-Use and Land Cover Types

The study area has diversity of land use types within short distance separations. Four land-use and land cover
(LULC) types encompassing natural forest (NF), coffee-based agroforestry (CAF), well-managed farmland
(mostly used to grow maize, MF) and grazing grassland (GL) were considered in this study. The latter three land-
uses have been converted from the natural forest during 1964-1966 (Table 1). Since these lands are owned and
managed by Wondo Genet College of Forestry and Natural Resources, Hawassa University, their history and
management conditions have been well documented. They are located adjacent to each other with similar inherent
soil properties. Hence, they offered the opportunity to study the variability and direction of changes in SOC and
TN stocks following LULC changes. Table 1 summarizes the characteristics of the studied land-use and land cover
types in the study area.
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Table 1. The characteristics of the different land-use and land cover types in Wondo Genet area of Southern
Ethiopia

Land use or land Dominant tree and grass species Year of Soil Dominant Mean Slope
cover type (except for the farmland) conversion from type texture class of elevation

native natural the surface soils

forests
Natural forest Celtis africana trees mixed with - Andosol  Sandy clay loam 1920 7%

scattered Cordia africana, Millettia

ferruginea, Afrocarpus falcatus

Coffee-based Cordia africana, Celtis africana, 1964 Andosol  Sandy clay loam 1890 5%
agroforestry Albizia gummifera and Millettia to Clay loam
ferruginea
Grazing grassland Bermuda grass (Cynodon dactylon) 1965-1966 Andosol  Sandy clay loam 1905 5%
and Rhodes grass
(Andropogongayanus Kunth)
Well-managed - 1965-1966 Andosol  Sandy clay loam 1910 5%
farmland

(dominantly maize
farm)

The NF is a type of montane forest that has been only slightly altered. It is dominated by Celtisafricana trees mixed
with scattered Cordiaafricana, Millettiaferruginea, Afrocarpusfalcatus, and other shrubs.The CAFwas converted
from the natural forest around 1964 through planting of the coffee (Coffea arabica L.) seedlings while selectively
maintaining some shade trees. The dominant shade trees in the CAF include Cordia africana, Celtis africana,
Millettia ferruginea and Albizia gummifera. The former two species constituted more than 60% of the shade trees
in the CAF. Since its establishment, the coffee plants were pruned only in 2004. There has been intermittent spot-
hoeing and slashing of the undergrowth weeds. It was managed similar to the traditional coffee-based agroforestry
system owned by smallholder farmers in the southern part of the country.

The GL was converted from natural forest during 1965-1966. It has been used as a source of feed for the dairy cows
owned by the College. The dominant indigenous grass species are Bermuda grass (Cynodon dactylon) and Rhodes
grass (Andropogong ayanus Kunth). The grassland has been improved by over-sowing of legume forages like clover
species and Desmodium (Desmodium uncinatum) to improve nitrogen-fixation and supplement protein sources for
the dairy cows. However, there was no form of fertilizer applied on the GL. It has been used as a free grazing land
and there were very few times when grasses were cut from the land for hay making. As compared to the traditional
free grazing by the smallholder farmers, these grasslands have not been intensively grazed.

The MF was converted from the natural forest following clear-felling of the native tree species during 1965-1966.
It has been used to grow teff (Eragratisteff) rotated with Maize (Zea mays) during the first 10 years after conversion.
Thereafter, it has been used as Maize mono-cropping farmland. There were 1-2 disc-ploughing of the top 30 cm
soil depth followed by one harrowing before sowing of maize every year. On average, 150 kg/ha of Di-Ammonium
Phosphate (DAP) and 75 kg/ha of UREA fertilizers were applied on the farmland every year. This is equivalent to
62 kg Nitrogen per hectare per year. Pre-emergence and post-emergence removal of weeds was made using
herbicides every year. Sometimes, the maize stalks were burnt in-situ immediately after each harvesting so as to
prevent pest and weed prevalence. Much of the maize stover has been left to improve the soil fertility. The mean
annual maize yield during the last ten years was 4 tons/ha which is much greater than the national average of 2.2
tons/ha (CSA, 2010).

2.3 Soil Sampling and Analysis

Soil samples were taken from five pits randomly located under each of the four LULC types. Soil samples were taken
with a core sampler from 0-10, 10-20, 20-40, 40-60, 60-80 and 80-100 cm soil depths on the soil profile. These soil
depths were purposively selected to compare the SOC and TN stocks at separate control sections (soil depths) and in
the entire soil profile. First the pits were dug to 150 cm depth. Secondly, the soil depths were cleaned vertically and
two soil core samples were taken from each depth by pushing the core sampler horizontally. Hence, a total of 240
soil samples were collected randomly from four LULC types at six soil depths (4 LULC types x 5 pits x 6 depths x
2 core samples per depth). The core sampler was a circular cylinder with a diameter of 5 cm and a height of 5cm. The
first 120 core samples were unaltered and used to determine the soil bulk density. Soil bulk density was calculated
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by dividing the oven dry mass at 105°C by the volume of the core (Grossman & Reinsch, 2002).The other 120 soil
samples were altered as they were air-dried, mixed well for each depth and passed through a 2mm sieve for analysis
of SOC and TN. These sieved soils were used for analyses of SOC and TN stocks as there are no gravels in the
predominantly loam soils of the study area (Wolka et al., 2015). The SOC concentration was determined according
to the Walkley and Black method (Schnitzer, 1982). The TN was also analyzed using the Kjeldahal procedure
(Bremner & Mulvaney, 1982). The SOC and TN analyses were done at the laboratory of the International Livestock
Research Institute (ILRI) in Addis Ababa, Ethiopia.

2.4 Determination of Soil Organic Carbon and Nitrogen Stocks

The soil organic carbon stocks (g m?) for each sampled depth were calculated using the following equation.
C=(zxp,xc)x10 (D)

Where,

C = carbon stock (g m?) of a sample depth,

z = thickness of a sample depth (cm),

pv= bulk density (g cm™) of a sample depth, and
¢ = carbon content (g kg™! soil) of a sample depth.

10 = the adjustment for the unit of carbon stock in to g m

Similarly, soil N (g m2) stock for each sampled depth was calculated using the following equation:

N=(zxp,xn)x10 @

Where,

N = nitrogen stock (g m?) of a sample depth

z = thickness of a sample depth (cm),

pv= bulk density (g cm™) of a sample depth, and

n = nitrogen content (g kg™! soil) of a sample depth.

The final results of carbon and nitrogen stocks have been converted in to Mg ha™! by dividing the g m values by
100. Differences in soil bulk density between different LULC types affect comparisons of SOC and total nitrogen
stocks by influencing the amount of soils that are sampled from a fixed soil depth (Mendham et al., 2002; Solomon
et al., 2002). The changes in soil organic carbon as result of converting natural forests to agricultural land uses
could be inflated by the differences in bulk density (Murty et al., 2002). For instance, long-term farming practices
could alter the amount of organic matter incorporated, which directly influence the soil organic matter content per
unit volume (Sihi et al., 2017a). These differences in soil bulk densities were considered by adjusting thickness of
each sampled layer under each LULC with respect to equivalent weights of soils under the natural forest using the
equation below.

ZC{“‘r :sz
Pru (3)
Where,
Zeon™ adjusted thickness of a sample soil layer under a given land use type,

prorest=  bulk density of the sampled soil layer under the natural forest,
pLu= bulk density of the sampled soil layers under land use type,
z= thickness of soil layers used during field sampling (Solomon et al., 2002).

Hence, the carbon and nitrogen stocks presented in the results were based on the adjusted thickness of the soil
depths.
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2.5 Statistical Analyses

Statistical differences were tested using univariate analysis of variance following the generalized linear model
(GLM) procedure of SPSS version 17 for Windows (Julie, 2007). Differences were considered significant at the P
< 0.05 level. Mean separations were done using Tukey's Honest Significance Difference (HSD) test for equal
variances and Dunnet’s test for not equal variances. The normality of the distribution of the data was analyzed
using the Shapiro—Wilk normality test (Shapiro and Wilk, 1965). When the standard assumptions of normality
were violated, non-parametric Kruskal-Wallis one-way ANOVA on ranks was used (Kruskal & Wallis, 1952).
The trend of bulk density, SOC and TN stocks with soil depth were subjected to regression to examine if there
could be a linear trend. Correlation between SOC and TN stocks were examined for the different LULC types.

3. Results and Discussions
3.1 Soil Organic Carbon (SOC) Stocks

In the upper 0—10 cm soil depth, the SOC stock was significantly higher (P < 0.05) in the NF than the MF, CAF
and GL (Table 2; Figure 3). The loss of SOC from the surface soil following conversion of forest lands to
agriculture was confirmed by several literature elsewhere in the world (Chan et al., 1995; Dalal& Mayer, 1986;
Davidson & Ackerman, 1993; Demessie et al., 2013; Don et al., 2011; Assad et al., 2013; Campos et al., 2014; Lo
Seen et al., 2010; Lozano-Garcia and Parras-Alcantara, 2014; Wasak and Drewnik, 2015;Yu et al., 2014). In
the 20—40cm and 40—60cm soil depths, SOC stocks in the GL were significantly higher than that found under the
other LULC types (Table 2; Figure3). The significantly higher SOC stock in the two intermediate layers (20—40cm
and 40—60cm soil depths) under the GL than that found under the NF was also supported by previous studies
(Assad et al., 2013; Braz et al., 2013). According to Russell (1960), conversion of native vegetation to long-term
pastures has sometimes increased SOC levels particularly in the lower soil depths. This could be explained by the
fast dynamics of long and fine roots in the GL (Shrestha & Singh, 2008; Asaye & Zewdie, 2013). In the 60—80cm
and 80—100cm soil depths, SOC stocks were not significantly different among the different LULC types (Table 2;
Figure 3). When the top 1 m soil depth was considered, the SOC stocks were not significantly different among the
different LULC types although the value for the MF was much lower (Table 2). Hence, our initial hypothesis of
reduced SOC stocks in the overall 1m soil depth after conversion of natural forest to agricultural land uses was
partially rejected. This implies that, in a humid tropical system, the greater influence of land-use and land cover
change from natural forest to well-managed agricultural land uses on SOC pools could be on the upper soil depths.
This result is in agreement with a previous study by Schroth et al. (2002) who revealed lower SOC stocks in the
top soils of the agricultural land uses as compared to the adjacent primary forests, but not when summed over the
soil profile to 2m depth. The significantly higher SOC stocks on the upper soil depths of natural forests as
compared to agricultural land uses could be due to higher organic matter accumulation from the above ground
biomass (litter fall), lower level of oxidation of organic matter, and the prevalence of water stable aggregates in
the natural forest as compared to the agricultural land uses (Lemenih, 2004; Lemenih & Itanna, 2004; Parras-
Alcantara et al., 2015; Saha et al., 2011; 2014; Saikh et al., 1998). Changes in land use system may also alter soil
microbial dynamics (Dinesh et al., 2004a, 2004b), which plays an instrumental role in either storing or loosing soil
organic carbon (Sihi et al., 2016a), especially in the biologically active upper soil layer. However, our results
contradict with the findings by Yimer et al. (2007) who reported significant decrease in SOC stocks in the entire
Im soil depth of a cropland after 15 years since conversion from native forests. The lack of significant decrease in
SOC stocks in the entire 1m soil depth following conversion of montane forests to well-managed maize farm in
this sub-humid area could be partly attributed to the improved land management practices encompassing retaining
of crop residues and weeds to maintain the soil fertility of MF and application of ample nutrients in the form of
chemical fertilizers which could enhance the biomass and thus the return to the soil in the form of crop residue.
The lack of differences in SOC stock in the entire 1m soil depth between the NF and the GL could also be attributed
to the intercropping of legumes with grasses and absence of intensive grazing in the GL. The carbon sequestration
potential of sub-humid areas is more than twice that of the semi-arid areas (Montagnini & Nair, 2004). Although
the effect of LULC changes on SOC stock of the entire 1m soil depth could be low, the loss of organic carbon at
ecosystem level could be still high due to the larger aboveground biomass in the dense natural forest ecosystems
as compared to agricultural land uses.

The vertical distributions of SOC stocks were different among the forest and agricultural land use types. In the
natural forest, the highest SOC stock (37%) was observed in the top 0-10cm soil depth which represents only 10%
of the top 1m depth. This could be attributed to the presence of organic horizon that encompasses the litter and
humus layers in the upper soil depths of the natural forest. Moreover, the NF is not affected by human interventions
in terms of harvesting of the crop biomass, weeding or tillage that all affect the SOC accumulation in the top soil
depths of the agricultural land use types (Biazin et al., 2011; Hoogmoed, 1999). However, the SOC stocks below
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10cm soil depths were not significantly different in the NF (Table 2; Figure 3).The SOC stocks in the MF and GL
increased from the surface until 40cm soil depths and decreased below that (Table 2; Figure 3). The lower SOC
stock in the surface as compared to the sub-surface layer of the MF might be attributable to the soil manipulation
by tillage that would increase soil mixing between the surface (0-10cm) and subsurface (11-20cm) layers and
oxidation of organic matter (Biazin et al., 2011; Gelaw et al., 2014). In the GL, the lower SOC stocks in the surface
soil as compared to the depths below may be attributed to the addition of organic matter to the soil from numerous
dead root biomass in the sub-surface layers (Asaye&Zewdie, 2013). The effect of SOC stocks in the CAF were
not significantly different among the different soil depths (Table 2; Figure 3).This could be associated with the
effect of coffee-based agroforestry system in enhancing the soil organic carbon content due to the multi-purpose
agroforestry tree species that have different rooting characteristics. Rasse et al. (2005) indicated the importance of
root-derived soil organic carbon in land uses such as agroforestry systems. Agroforestry practices including the
use of leguminous shade trees effectively maintained arbuscular mycorrhizal fungi numbers even in deeper soil
depths compared with unshaded coffee plants (Muleta et al., 2008).

Table 2. SOC stocks (Mg ha!), TN stocks (Mgha™!) and soil C:N ratio under different depths in the top 1 m soil
depth of the different LULC types in Wondo Genet, Ethiopia

Parameters Soil depth Land uses
(cm) NF MF CAF GL

Soil organic carbon  0-10 54.46(8.8)bx 14.56 (0.9)ax  27.90(5.3)ax 23.6(1.2)ax
10-20 23.33(3.9)ay 15.84(1.1)ax 25.69(5.7)ax 21.3(1.2)axy
20-40 20.70(2.3)ay 29.38(2.7)aby  28.37(5.5)abx 35.0(2.6)by
40-60 17.27(3.5)ay 21.21(1.8)abx  24.67(4.8)abx 28.4(3.1)bxy
60-80 15.62(3.5)ay 19.64(2.1)ax 23.73(5.1)ax 24.2(3.8)axy
80-100 15.97(3.7)ay 13.44(1.8)ax 14.65(2.6)ax 20.0(3.0)ax
Total 1m 147.35(16.48)a  114.07(7.2)a 145.01(28.7)a 152.5(14.3)a

Soil nitrogen 0-10 3.35(0.6)by 1.34(0.1)ax 1.42(0.3)ax 1.7(0.1)ax
10-20 1.69(0.2)ax 1.33(0.1)ax 1.28(0.1)ax 1.5(0.1)ax
20-40 1.40(0.2)ax 2.06(0.2)aby 1.62(0.2)ax 1.3(0.2)by
40-60 1.25(0.2)ax 1.37(0.1)ax 1.27(0.2)ax 1.7(0.2)ax
60-80 1.12(0.2)ax 1.31(0.1)ax 1.12(0.2)ax 1.4(0.1)ax
80-100 1.02(0.1)ax 1.15(0.1)ax 0.90(0.1)ax 1.3(0.1)ax
Total Im  9.83(1.2)a 8.33(0.5)a 7.00 (0.7)a 9.3(0.3)a

Soil C:N 0-10 14.1(1.7)* 10.9(0.3)* 14.37475 (0.57)*  14.02655 (0.36)**

10-20 13.4(1.4)* 11.9(0.4)* 14.48857 (1.81)™  14.63297 (0.51)**
20-40 14.8(0.5) ™ 14.3(1.0) ™ 15.86704 (3.11)*™*  15.94309 (1.03) **
40-60 13.7(0.9) > 15.6(1.0) 15.32219 (2.26) ™  17.15623 (1.6) ™
60-80 13.4(1.2) ™ 15.1(1.5)™ 16.61267 (2.65)™  15.19377 (1.9)™
80-100 15.5(1.2) ™ 10.0(1.1) ™ 13.7(2.0)* 14.9(1.2)*

Mean separation was done according to Tukey’s mean significant test. Values in parentheses are standard error of
the mean. Different letters (a-c) in the same row show significant difference (P< 0.05) in SOC stocks, TN stocks
and C:N ratio among different LULC types and different letters (x-z) along the same column show significant
difference (P < 0.05) with depth for the same parameter.

3.2 Total Nitrogen (TN) Stocks

There was significantly higher (P < 0.05) TN stock (3.35 + 0.55 Mg ha™!) in the NF than the MF, CAF and GL
(1.34 —1.68 Mg ha™') in the upper 0—10cm soil depth (Table 2; Figure 4). The presence of higher TN stocks in the
top 0—10cm soil depth under the NF as compared to MF, CAF and GL was in line with previous studies in different
agro-climatic conditions of Ethiopia (Lemenih & Itanna, 2004; Yimer et al., 2007; Demessie et al., 2009). Roa-
Fuentes et al. (2015) revealed that introduction of legumes in grazing grasslands that were converted from natural
forests would restore the carbon and nitrogen status of the top soil layer. At the 20—40cm soil depth, TN was
significantly higher in the MF than that under the other LULC types (Table 2; Figure 4).This might be attributed
to the leaching of nitrate fertilizer that is being applied in every growing season. At the 10—20 cm and below 40
cm soil depths, no significant differences were observed in TN stocks among the different LULC types. Similar to
the SOC stocks, the TN stocks were not significantly different among the different LULC types when the top 1m
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soil depth was considered (Table 2). The TN stocks in the MF increased from 0 to 40 cm soil depth having the
highest values at the 20—40cm soil depth and decreased from 40 to 100cm soil depth (Table 2; Figure 4). In contrast,
TN stocks in NF were significantly higher in 0—10cm soil depth than the depths below (Table 2; Figure 4).This
could be attributed to the presence of higher biomass added to the soil in the form of litter and the subsequent
mineralization. Similar to the SOC stocks, the TN stocks in the CAF were not significantly different among the
different soil depths (Table 2; Figure 4).

Soil Organic Carbon Stocks (Mg ha-1)

- 10

- 20

- 30

Seoil Depth (¢m)

- 70

- 80

- 90

- 100

Figure 3. Soil organic carbon stocks (Mg ha'') with soil depths (0—100 cm) under the natural forest (NF), maize
field (MF), coffee-based agroforestry (CAF) and grass land (GL). Error bars represent standard error of the
mean (n=5) for each LULC types.

Soil Nitrogen Stocks (Mg ha™)
5 4 3 2 1 0

Soil Depth (¢em)
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Figure 4. Total nitrogen stocks (Mg ha!) with soil depth (0—100 cm) under the natural forest (NF), maize field
(MF), coffee-based agro-forestry (CAF) and grass land (GL). Error bars represent standard error of the mean
(n=5) for each LULC types.
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3.3 C:N Ratio and Correlation of Carbon-Nitrogen Stocks

In the upper 0—10 cm soil depth, the C:N ratio was significantly lower under the MF than the other LULC types
(Table 2; Figure 5). However, for the rest of the soil depths (20—100cm), the C:N ratio did not show any significant
differences among the different LULC types. There was significant correlation (R?>0.5) between total Nitrogen
(TN) Stocks and Soil Organic Carbon (Figure 6) and this correlation was higher (R>0.89) under the NF as
compared to the other agricultural land use types. The higher correlation between SOC and TN showed that the
main source of total nitrogen is decomposition of organic matter. This has also been confirmed by other studies in
tropical soils across various land uses and land cover types (Cleveland & Liptzin, 2007; Yang, 2010). Therefore,
TN could be explained as a linear function of the SOC stocks among the different LULC types (Figure6). The
highest coefficient of determination (R? = 0.89) between the SOC and TN stocks was observed under the NF while
the lowest (R? = 0.55) was observed under the MF.
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Figure 5. Soil carbon to nitrogen ratio in soil profile (0—100 cm) under the natural forest (NF), maize field
(MF), coffee-based agro-forestry (CAF) and grass land (GL). Error bars represent standard error of the mean
(n=5) for each LULC types
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Figure 6. Total Nitrogen (TN) Stocks as a linear function of Soil Organic Carbon (SOC) stocks under natural
forest (NF), Coffee-based Agroforestry (CAF), Grassland (GL), and Maize farm (MF) in Wondo genet, Southern
Ethiopia
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4. Conclusion

There has been a persistent conversion of natural forests to agricultural land uses such as cultivated lands and
grasslands in Africa during the last decades. This study revealed that, except for surface carbon and nitrogen pools,
the effect of converting natural forest to well-managed agricultural land uses and agroforestry did not reduce the
soil organic carbon and total nitrogen stocks in the total 1m soil depth. However, there was a different pattern of
soil organic carbon and total nitrogen distributions to the different soil depths among the different land use types.
On the other hand, the correlation between the soil organic carbon and total nitrogen stocks was higher under the
natural forest as compared to the other agricultural land use types. Overall, the results of this study suggest that
indigenous tropical land use types such as crop cultivation, grazing grassland and agroforestry, if managed properly,
may have minimum impact on the total soil organic carbon and total nitrogen stocks of the top 1m soils.
Improvements of natural grazing lands through over-sowing with herbaceous legumes, optimum application of
chemical fertilizers and reduced removal of organic matter from crop fields can maintain the soil organic carbon
and total nitrogen stocks.
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