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Abstract

Monocropping of perennial cash crops providing livelihood for smallholders is replacing native forest throughout the tropics,
but there is no direct empirical evidence on the impact on soil organic carbon (SOC) and nitrogen (N) relative to multistrata-
agroforestry-based cash cropping. In particular, the impact of the conversion of forests and multistrata-agroforestry-based
cash cropping to a rapidly expanding perennial monocropping of khat (Catha edulis Forskal) is not known. We investigated
the potential of cash cropping integrated in multistrata agroforestry to alleviate SOC and N loss from converted native for-
est, relative to cash monocropping. We assessed empirically SOC and N stocks in the 40-cm-deep soil surface layer of three
matched adjacent plots of native forest, multistrata agroforestry, and perennial cash monocropping, within nine replicate
groups of the three land uses. The fixed mass method was applied. The estimated rates of the annual SOC and N losses were
3.0 and 3.4 times greater, respectively, in areas converted to khat monocropping than in agroforestry systems producing both
coffee (Coffea arabica) and khat. Additionally, the carbon and N contents in leaf litter and fine roots were greater in agrofor-
estry than in khat. The results indicated that multistrata-agroforestry-based cash cropping maintains most of the SOC and N
stocks of converted native forests lost in conversion to cash monocropping khat than in agroforestry-based cash cropping.
This warrants economic incentives to prevent the loss of the current stocks, while enabling cash crop income by smallholders.
Reducing forest SOC and N stock decline in agroforestry through system management deserves attention as well.

Keywords Agroforestry - Catha edulis (khat) - East Africa - Monocropping - Native forest - Soil carbon - Soil nitrogen

Introduction

Soil represents the largest terrestrial carbon (C) pool and
can preserve captured C longer than aboveground bio-
mass (Lehmann 2006). Sufficient stocks of C and nitrogen
(N) are also a precondition to soil productivity (Lal et al.
2015). Rapid tropical deforestation (Sloan and Sayer 2015)
currently accounts for 12 to 15% of the annual global C
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emissions (Kotowska et al. 2015) and a fourth of the global
losses of soil C (Smith et al. 2016). Forests cover 11 to 16%
of the Ethiopian land area, 92% of which represents native
forests (Keenan et al. 2015). The native forests suffer from
rapid deforestation (MEFCC 2018), with cash crop planta-
tions being a key driver (Dessie and Kinlund 2008; Mellisse
et al. 2018).

To meet the requirements of the Paris Agreement, Ethio-
pia has a target to reduce the annual net C emissions by 64%
before 2030 through C sequestration, half of which through
reforestation, sustainable forest management, and agrofor-
estry (MEFCC 2016). Agroforestry integrates trees, includ-
ing N-fixing legume trees, into the production of food, feed,
energy, and cash crops such as coffee (Coffea arabica L)
and khat (Catha edulis Forsk.). Export-driven perennial cash
monocropping, for example, of cacao (Emich, 2003), tea
(Solomon et al. 2002), banana (Powers 2004), oil palm, rub-
ber (de Blécourt et al. 2013; Kotowska et al. 2015; Mélaga
et al. 2020), and khat (Mekuria 2018; Dessie and Kinlund
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2008; Mellisse et al., 2018), is expanding at the expense of
native forest and agroforestry reducing C and N stocks in
Southeast Asia, Latin America, and East Africa.

The evergreen perennial shrub, khat, is cultivated for its
fresh leaves for use as a stimulant in East Africa, southwest-
ern Arabia, and Madagascar (Lemessa 2001). In Ethiopia,
cash cropping of also khat has been traditionally integrated
within agroforestry systems but is increasingly conducted by
monocropping. Coffee still largely integrated into agrofor-
estry systems supports the livelihoods of 15 million farm-
ers and generates 25% of Ethiopian export earnings (Moat
et al. 2017). In recent decades, a high market demand and
price have rapidly expanded khat to fields of millions of
smallholders (Mellisse et al., 2018; Woldu et al. 2015) mak-
ing khat to a second-most exported item after coffee. Khat
is mainly exported to Somalia, Somaliland, and Djibouti
(Tolcha 2020). In parts of Eastern Ethiopia, khat produces
up to 70% of the household income (Feyisa and Aune 2003;
Mekuria 2018) having replaced 63% of the former cultiva-
tion area of coffee (Woldu et al. 2015). Khat monocropping
is replacing forest and coffee farms also in Eastern, South
Central, and South Western Ethiopia (Lemessa 2001; Des-
sie and Kinlund 2008; Dube et al. 2014; Woldu et al. 2015).
This development may create a serious threat to SOC and
N stocks.

SOC and N stocks are determined by the quality and
quantity of the C and N flows (Negash and Kanninen 2015)
and by the soil biological, chemical, and physical properties
(Hombegowda et al. 2016), all of which are affected by the
composition and density of the vegetation, the character-
istics of climate and topography, and the management and
harvest. Impacts on the “microbial pump” control the bal-
ance between the priming and entombing effects on stable
SOC (Liang and Balser 2012; Liang et al. 2017). Litter is
the pathway to C and N from plant to soil (Kohler et al.
2008). Litter production and quality vary with stand char-
acteristics, climate and soil, season, and management and
harvesting practices (Liu et al. 2004; Dawoe et al. 2010;
Murovhi et al. 2012).

The severe consequences of deforestation and perennial
cash monocropping to SOC and N stocks of converted for-
est and agroforestry are well-known (e.g., Kim et al., 2016;
Kassa et al. 2017). However, there is no direct empirical
evidence of the impact of native forest conversion to mul-
tistrata-agroforestry-based cash cropping relative to peren-
nial monocropping of cash crops such as khat on soil C and
N stocks. The lack of empirical understanding undermines
the potential to combine export income with soil productiv-
ity, climate change mitigation, and benefits from potential
C payments (Pan et al. 2011; Kahiluoto et al. 2014; Wal-
den et al., 2020). Therefore, this study aimed to empirically
quantify the difference between the impact of native forest
conversion to multistrata agroforestry and to monocropped
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khat on the SOC and N stocks in Ethiopian highlands. The
hypothesis was that multistrata agroforestry sustains native-
forest-originating SOC and N stocks better than the mono-
cropping of perennial cash crops such as khat.

Materials and methods
Study sites

The study was conducted at the Arosa and Abo sites
in the Sidama National Region (7°00'-7°06'N and
38°34'—-38°37'E) of Ethiopia (Fig. la) because at both
sites, there appears a larger native forest patch as well as
agroforestry and khat plots immediately next to those forest
patches (Fig. 1b). The two study sites are located at altitudes
between 1800 and 2300 m.a.s.l. and 18 km apart from each
other. Characterized by a moist to subhumid warm subtropi-
cal climate (Abebe 2013), the sites are among the most pro-
ductive agricultural areas of Ethiopia. The monthly mean
temperature is 18-20 °C, and the annual rainfall amount
is 1300-1500 mm. The deep, reddish-brown, clayey soils
dominated by Nitisols have a relatively high organic matter
content and a crumbly and/or subangular blocky structure
and are therefore well drained and fertile (FAO 2001).

Historically, the native forest was dominated by indig-
enous tree species such as Cordia africana Lam., Afro-
curps falcatus (Podocarpus falcatus) (Thunb.) R. Br. ex
Mirb, Millettia ferruginea (Hochst.) Baker, and Ficus spp.
The native sacred forest patches cover 2.1 ha in Arosa and
32.5 ha in Abo; these are remnants of forests representing
dry evergreen Afromontane forest that once dominated the
entire sites but have been partly replaced by agroforestry
and khat monocropping through conversion of native for-
est. The remaining native forest patches are carefully stew-
arded by the communities, remaining untouched since the
early 1990s. No utilization and management activities are
allowed in the native forest patches, while cultivation, weed-
ing, and pruning are carried out in agroforestry sites and
khat monocropping.

The dominant agroforestry systems replacing part of
the native forest at the sites represent multistrata agrofor-
estry evolved through the selective removal of trees from
original forests. Multistrata agroforestry refers to a crop-
ping system where trees, shrubs, and crops such as coffee,
khat, and food crops are grown as integrated layers in the
same area. In agroforestry systems, native trees, such as
Cordia africana Lam, Erythrina brucei Schweinf. Millet-
tia ferruginea (Hochst.) Baker, Olea africana, Croton mac-
rostachyus Del., Afrocarpus falcatus (Podocarpus falcatus)
(Thunb.) R. Br. ex Mirb, Vernonia amygdalina Del., and
Prunus africana Hook. F, were the dominant tree species
until the late 1980s, where after exogenous tree species have
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Fig.1 Spatial design of the sample plots. Location of the study
region and sites (a), layout of native forest (two sites located 18 km
apart), and the adjacent agroforestry (AF) and khat monocropping
plots (KF), each located 10 to 100 m from the compared native for-

also been introduced to the system. Perennial food crops
such as enset (Ensete ventricosum (Welw.) Cheesman) and
perennial cash crops such as coffee and khat are integral
parts of the agroforestry system. To a limited extent, annual
crops such as wheat (Triticum spp. L.), barley (Hordeum
vulgare L.), fava bean (Vicia faba L.), and kale (Brassica
oleracea) are integrated in agroforestry. Livestock used to be
an integral component of the farming system but is currently
rarely included due to a lack of free grazing land and fodder;
however, green manure such as enset leaves and household
wastes are sources of organic fertilizers and used for mulch-
ing. Both khat and coffee serve as the major income sources
in the region. The vertical structure of the agroforestry sys-
tem in the regions commonly consists of an upper layer with
canopy tree spp., amid layer with enset, a lower layer with
coffee, and a ground layer with herbaceous crops and weeds.
Trees in the system provide shade for coffee, fodder, fuel,
timber, and construction materials. The farmers also pollard
and thin trees.

Native forest was converted both to agroforestry and to
khat as well as via agroforestry to khat. With the expansion
of khat beginning in the early 1990s, the number of trees in
crop fields gradually decreased, and even if khat is cultivated
in agroforestry systems together with coffee, an increasing
number of khat fields currently lack trees. The khat mono-
crops are intensively cultivated and thoroughly weeded.

Sample plots design

(c)
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est plot within each of the nine genuine replicates with the three land
uses (b), and sub-plot design within each forest, AF and KF plot, as
well as sub-subplot design for sampling litter and soil within each
subplot (c)

Fertilizers have not been applied, but pesticides have been
used in khat monocropping. Khat is propagated by cutting
and can be planted year round. The plant reaches heights of
over 30 m; however, in cultivation, it is usually pruned to
less than 3 m (Kim et al 2016). Khat leaves are harvested
individually by hand within 2 to 3 years after planting (Des-
sie and Kinlund 2008). Khat growers harvest foliage biomass
2-3 times per year and sell the products in nearby markets.

The identification of the management history was based
on farmer interviews. The duration of agroforestry manage-
ment of the sampled agroforestry plots varied from 32 to
54 years, and the khat cultivation history on the khat plots
varied from 15 to 27 years. The annual rates of SOC and
N stock declines were estimated by dividing the stocks by
duration (Rimhanen et al. 2016).

Sampling design
Sample plots layout

The assessment was carried out by comparing matched adja-
cent plots of native forest, multistrata agroforestry, and khat
monocropped areas, and these groups of the three adjacent
land uses were replicated nine times (Fig. 1b). Three and six
groups of the three adjacent plots, each plot representing one
of the three land uses, were located at each of the two sites
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of Arosa and Abo, respectively. Consequently, there were
27 plots of the three land uses, each with three sub-subplots
for sampling (Fig. 1c) and thus 81 sub-subplots altogether.
The distance among the matched adjacent plots of the three
compared land uses within each of the nine replicates ranged
between 10 and 100 m, and their similarity was primarily
secured by the proximity (adjacent plots of the compared
three land uses) but verified for elevation, slope, soil type,
texture (Table 1), and management history for each plot of
each land-use type. The soil of the study area was slightly
acidic to neutral, with mean pH values being equal for the
adjacent plots with each land use. Native forest plots had
a slightly higher proportion of clay fraction than the adja-
cent plots of agroforestry and khat monocropping (Table 1),
probably due to differences in erosion.

For each of the 27 plots, one subplot of 10 mx 10 m for
sampling was selected (Fig. 1c). To select the sampling
subplot location, the forest, agroforestry, and khat plots
were visually divided into equal grid points. Each subplot
for sampling was randomly selected using a lottery system
by assigning a random number to each grid point (Fig. 1c).
Within each subplot, three sub-subplots for sampling were
randomly established at the center and the corners (Bal-
aguer-Puig et al., 2018). From each sub-subplot, 1 L sample
and one composite soil sample for each of the two depths
comprising ten subsamples were collected (Fig. 1c).

Soil sampling

A wooden sample frame of 1 m X 1 m composed of square
grids of 10 by 10 units (10 cm X 10 cm each) was overlaid
on the selected sampling points of the farm floor (Fig. 1c¢).
Within a square grid, ten subsamples per sub-subplot and
depth (0-20 cm and 20-40 cm) were randomly collected
with an auger (3.8 cm diameter), and a composite sample
was formed for SOC and N analyses. The same number of
soil samples for bulk density analysis was separately col-
lected using a core sampler with a volume of 442 cm? from
each sampling point and both soil depths. We confined soil

Table 1 Soil physicochemical characteristics of the three land-use
types in the Sidama National Region, southern Ethiopia. The values
in parentheses are the lower and upper limits of the 95% confidence

sampling to a depth of 0 to 40 cm because approximately
75% of the roots are concentrated at the top depth (040 cm),
and management practices mainly influence depths of 0 to
30 cm (O’Rourke et al. 2015). Furthermore, Raizada et al.
(2013) observed that nearly 80% of fine roots were confined
to a depth of 0-20 cm in five fruit tree and three forest tree
species. In systems of perennial crops and shade trees, all
fine roots, which provide C and N inputs to soil, concentrate
in the topsoil (Mufioz and Beer 2001).

Litter collection and sampling

Leaf litter and fine root samples were collected in March
immediately after a period of high litterfall from woody spe-
cies (Negash and Starr 2013). Nested sub-subplots for soil
sampling were also used for litter and fine root collection.
Litter samples were harvested from three 1 mx 1 m sub-
subplots located randomly within each of the 10 mx 10 m
subplots. The samples from each of the three sub-subplots
were combined for each subplot. The fresh weight was meas-
ured on the site. Litter was sun-dried for 1 day; a 100-g sub-
sample was taken to the laboratory and oven-dried (70 °C)
for 24 h and weighed to determine the dry-to-fresh weight
ratio and estimate the dry biomass litter on a hectare basis.

Fine root sampling

The fine roots (<2 mm) were extracted from the soil samples
for the two depths (0-20 cm and 20—40 cm) with a soil core
sampler (diameter 7 cm). Each soil sample was soaked for
30 min to facilitate the breakdown of soil aggregates. The
samples were washed on a 2-mm sieve overlaid with 1-mm
and 0.5-mm sieves (Nygren et al. 2013). The fine roots left
on the sieve were extracted by hand. The extracted fine roots
were oven-dried at 70 °C for 24 h until a constant weight was
maintained. The dry biomass of fine roots was calculated
using the area of the soil score sampler per depth.

intervals of the mean estimates. Comparisons denoted with the differ-
ent letter (a, b, or c) differed statistically significantly from each other
(»<0.05)

Agroforestry system

Khat monocropping

Soil variable Unit Native forest
Altitude m 2116* (2103, 2129)
Slope % 10-35

pH 1:2.5 H,0 6.14% (6.02, 6.26)
Sand % 12.0° (11.42, 12.58)
Silt % 29.5* (27.73, 31.27)
Clay % 58.5% (57.24, 59.76)
Soil type Nitisols

2051* (2041, 2061)
10-30

6.43% (6.31, 6.55)
26.5% (26.00, 27.00)
24.5* (22.73, 26.27)
49.0" (46.62, 51.38)
Nitisols

2051* (2040, 2062)
10-30

6.03* (5.82, 6.24)
23.0* (21.00, 25.00)
29.5* (27.73, 31.27)
47.5% (47.00, 48.00)
Nitisols
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Carbon and nitrogen contents of leaf litter and fine roots

The C and N contents in the leaf litter and fine roots were
assessed using values from studies representing similar sys-
tems and conditions in the Sidama region of Ethiopia as at the
sites of this study, supported by other literature. For native for-
est, we adapted the C contents of litter and fine roots suggested
by the IPCC (2006) and the N contents suggested by Aerts
(1997). For the C contents in agroforestry and khat mono-
cropping, we used the values determined by Negash and Starr
(2015) and Getnet (2016), respectively; for the N contents,
the values found by Negash and Starr (2013) and Assefa et al.
(2017) were employed, all representing conditions similar to
those in our study sites, supported by the values of Gordon and
Jackson (2000) regarding all three land uses. Consequently, the
C contents in leaf litter dry matter of 37% for native forest, 29%
for agroforestry, and 33% for khat monocropping were used.
Regarding fine roots, the C contents in dry matter were 47%
for native forest and khat monocropping and 43% for agrofor-
estry. Regarding leaf litter, the N contents in dry matter were
1.4% for native forest, 2.6% for agroforestry, and 1.4% for khat
monocropping. A fine root N content in dry matter of 1.14%
was used across the land-use types.

Soil analyses

The soil samples for SOC and N analyses were air-dried
and ground (<2 mm). Total C and N concentrations were
analyzed by dry combustion at 1250 °C with a LECO
TruMac CN analyzer (Leco Corporation, St. Joseph, MI,
USA) using 500-mg soil samples. Analysis was carried
out for the original samples and for those treated with
HCI to remove carbonate C (0-0.48%, median 0.17%).
The C contained in the carbonates was determined indi-
rectly by digesting 6-g soil samples with 10 ml of 6 M
HCI for 30 min (Ellert and Rock 2007). Dried soil sam-
ples (60 °C, 24 h) were analyzed for total C, and the dif-
ference between the untreated soil and the HCI-treated
soil was taken as the measure of carbonate C. The SOC
content was determined as the difference between the
total C content of the untreated soil and the carbonate
C content of the HCl-treated soil. Bulk density samples
were oven-dried at 105 °C for 24 h and weighed, and
the weights of the >2 mm and <2 mm fractions were
recorded. Bulk density (p,) (2 cm™) was calculated as the
oven-dried weight of the soil divided by the volume of the
intact soil core. Soil pH was measured in deionized water
(1:2.5 soil:water) (ES ISO 10390), and soil texture was
measured with a hydrometer method (Bouyoucos 1962).

The SOC and total N stocks for each soil depth and the
three land-use types were calculated using the fixed mass
method (Ellert and Bettany 1995). The method expresses
the stocks as the product of the excess soil mass with its C

or N concentrations of a soil layer relative to the reference
soil mass, subtracted from the SOC or N stocks calculated at
a fixed depth (Ellert and Bettany 1995). The lowest soil mass
to the specified soil depth from all sampling sites (1540 Mg
for 0-20, 1670 Mg for 20—40 cm) served as the reference
soil mass. Such an adjustment is justified because the fixed
depth approach systematically overestimates the SOC stocks
in land uses with greater bulk densities relative to the land
uses with lower bulk densities (Wendt and Hauser 2013).

Statistical analyses

Due to the skewed distributions of the SOC and N stocks,
generalized linear mixed models with a lognormal (with an
identity link) and a gamma distribution (with a log link)
were used in the analysis. A Gaussian distribution was
used for C/N. The models were fitted using the residual
maximum likelihood (REML) or residual pseudolikelihood
(REPL) estimation method, with land use (native forest,
agroforestry, and khat), depth (0-20 cm, 20-40 cm), and
their interaction as fixed effects. Land use was the only fixed
effect in the analysis where the depths were combined. The
three matched adjacent plots of native forest, agroforestry,
and khat were used as a block (replicate). There were nine
blocks, and the sites and the blocks within a given site were
assumed to be independent and normally distributed random
effects. This assumption was made because of the proxim-
ity of the sites that were included only to provide a suf-
ficient number of blocks (combinations of the three land
uses) and variation among blocks. The variation between
the two “sites” was mainly estimated to be zero, which led to
its exclusion from the models based on the Kenward-Roger
degrees of freedom method (Kenward and Roger 2009).

To improve the accuracy of the measurements, each of the 27
plots consisted of one subplot and three sub-subplots (Fig. 1c).
However, the sub-subplots were not used as replicates; the corre-
lation of sub-subplot values was taken into account in the model
to avoid pseudoreplication. In these models, the correlation
between the measurements of each replicate at the two depths
was accounted for by using a heterogeneous or a homogenous
compound symmetry covariance structure (Gbur et al. 2012).

The rates of annual SOC and N losses (0 —40 cm)
due to the conversion to khat were calculated based on
the number of years since conversion. Because informa-
tion was lacking on whether the conversion to khat had
occurred directly from native forest or via agroforestry, the
annual rates of SOC and N stock losses were calculated
based on both assumptions. The same statistical models
were used as mentioned above, with the following excep-
tions. The current land uses were agroforestry, khat, and
khat via agroforestry. A Gaussian distribution was used
in both models, but the variances were estimated sepa-
rately for each land use because the assumption of equal
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Table 2 Results of the statistical analysis for the fixed effects of bulk
density (BD) (g cm™) and for the soil organic carbon (SOC) and
nitrogen (N) concentrations (%). Degrees of freedom were calculated
using the Kenward-Roger method

Response vari- Effect F-testy p-value

able

BD Land use F, =282 0.090
Depth F, 2,=67.30 <0.001
Land use x depth F,,4=0.82 0.454

SOC Land use Fp04=24.12 <0.001
Depth F|,=325.22 <0.001
Land use x depth F,,4=25.75 <0.001

N Land use F,,,=24.22 <0.001
Depth F,=342.44 <0.001
Land use X depth F,,4=14.63 <0.001

variances of three land uses was not met. The suitability of
all models was studied by residual analysis. The residuals
were checked for normality using a boxplot and plotted
against the fitted values, which indicated that the assump-
tions of the models were adequate. The Westfall method
was used for the pairwise comparisons of means (West-
fall 1997). A significance level of @ =0.05 was used in all
the analyses if not otherwise stated. Pearson correlation
coefficients were calculated for C/N. Since C/N may vary
considerably at short distances, all 81 sub-subplot obser-
vations were included in the calculation of correlation.
The analyses were performed using the GLIMMIX and
CORR procedures of the SAS Enterprise Guide 7.1 (SAS
Institute Inc., Cary, NC, USA).

Results

Bulk density and soil organic carbon and nitrogen
concentrations

The bulk density was not statistically significantly differ-
ent among the land-use types but differed between the soil

Table3 Test results for the comparisons of median bulk density
(BD) (g cm™), soil organic carbon (SOC) concentrations (%), and
nitrogen (N) concentrations (%) for two soil depths within the land
uses. Generalized linear mixed models with lognormal (SOC and N)
and gamma (BD) distributions were used in the analysis due to the

depths (Table 2). The median estimate of the bulk density at
0-20 cm was slightly higher for khat than for native forests
and agroforestry plots (Table 3).

The SOC and N concentrations showed statistically sig-
nificant differences among the land-use types, and the dif-
ferences depended on soil depth (Table 2). The native forest
surface soil layer had 1.8 and 1.7 times the SOC and N con-
centrations of the agroforestry surface soil layer and 2.2 and
2.3 times the SOC and N concentrations of the khat surface
soil layer (p <0.001), respectively (Table 3). No evident dif-
ference existed in the concentrations of SOC and N in the
deeper (20—40 cm) soil layer between the native forest and
agroforestry systems (p > 0.05); however, both were higher
than the concentrations of SOC and N in the same deeper
soil layer of the khat plots (for SOC, p=0.016 and 0.053,
and for N, p=0.001 and 0.011, in the native forest and agro-
forestry plots, respectively, relative to khat monocropping).

Soil organic carbon stock

The SOC stock declines following the conversion of native
forest to agroforestry systems were concentrated in the sur-
face soil, whereas in khat monocropping, the declines were
found in the deeper soil layer as well (Fig. 2a). The SOC
stock in the agroforestry plots was 57% of that in the native
forest for the soil depth of 0-20 cm (p <0.001), whereas
no evident difference existed at the soil depth of 20-40 cm
(p=0.608). In the case of khat, the difference from for-
est was more uniform across the soil profile, i.e., 54% for
0-20 cm (p<0.001) and 26% for 20—40 cm (p=0.021). The
contributions of the deeper soil layer (20—40 cm) to the total
SOC stock were greater in the agroforestry plots and khat
monocropping, with values of 43% and 42%, respectively,
of the total stock, than for native forest (31%).

The overall SOC stock estimates for agroforestry at
depths of 0—40 cm were 68% of those in the native forest
(p=0.001), with a difference of 65.2 Mg ha™! (Fig. 2¢).
Correspondingly, in khat monocropping, the SOC stock was
55% of that in the native forest, and the absolute difference in

skewed distributions. Comparisons denoted with the different let-
ter (a, b, c, or d) differed statistically significantly from each other
(p<0.05). However, land uses were compared only within depths and
depths within land use. The values in parentheses are the lower and
upper limits of the 95% confidence intervals of the mean estimates

Response variable Depth (cm) Native forest Agroforestry Khat

BD 0-20 1.04% (0.94, 1.14) 1.01* (0.92, 1.12) 1.15% (1.04, 1.27)
20-40 1.20° (1.09, 1.33) 1.19° (1.08, 1.31) 1.28° (1.16, 1.42)

SOC 0-20 6.92% (6.07, 7.89) 3.95%(3.47, 4.51) 3.13°(2.75,3.57)
2040 2.70°¢ (2.37, 3.08) 2.52¢¢ (2,21, 2.88) 2.059(1.80, 2.34)

N 0-20 0.60% (0.52, 0.69) 0.36° (0.31, 0.41) 0.26° (0.23, 0.30)
2040 0.24° (0.21, 0.28) 0.21°(0.18, 0.24) 0.169 (0.14, 0.18)
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Fig.2 Soil carbon and nitrogen stocks according to land use and soil
depth. Mean estimates of soil organic carbon (SOC) (a) and median
estimates of nitrogen (N) (b) stocks depending on the soil depth and
SOC (c) and N stocks (d) at the soil depth of 0-40 cm by the fixed

the SOC stock was 93.1 Mg ha™! (»p <0.001). The SOC stock
in khat monocropping was 20% lower than that observed in
agroforestry (p=0.025).

Nitrogen stock

The N stock at the soil depth of 0-20 cm was 7.1 Mg ha™!
in the agroforestry plots and 5.2 Mg ha™! in the khat mono-
cropping. The N stock in the 0—40 cm soil layer depth in the
agroforestry plots represented 60% and 44% of that in native
forest, respectively (Fig. 2b). The N stock in the 20-40 cm
subsurface soil layer of forest was different from that in the
khat monocropping (p =0.002), but a difference could not be
shown relative to the agroforestry plots (p=0.371) (Fig. 2b).
The N stock in the agroforestry plots at a depth of 0—40 cm
was 12.3 Mg ha™!, and that in the khat monocropping plots
was 9.1 Mg ha™!. Consequently, the N stock in agroforestry

Soil nitrogen stock at fixed mass (Mg ha™)

mass method. The lines show the lower and upper limits of the 95%
confidence intervals for the means (SOC) and medians (N), and dif-
ferent letters on the lines indicate statistically significant differences
(p<0.05). The sample sizes were 162 (a, b) and 81 (c, d)

plots was 69% (p=0.005), and that in khat monocropping
was 51% (p <0.001) of that in forest (Fig. 2d).

Rates of soil organic carbon and nitrogen stock losses

The mean annual rate of decline of SOC after the conver-
sion of native forest was estimated at 1.52 Mg ha~! and
4.89 Mg ha™! for agroforestry and khat, respectively. This
result implies that the rate of decline of the SOC stock due to
deforestation under khat was three times under agroforestry
(Fig. 3a). The rate of annual N loss due to agroforestry and
khat monocropping had a mean value of 0.13 Mg ha™! and
0.46 Mg ha™!, respectively, showing that deforestation for
khat decreased the N stock by a rate 3.4 times that of agro-
forestry (Fig. 3b). The rates of annual decline in the SOC
and N stocks after conversion from agroforestry to khat were
estimated at 3.05 Mg ha™! and 0.31 Mg ha™!, respectively.
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The ratio of soil organic carbon stock to nitrogen stock

The ratio of SOC stock to N stock (C/N) in both native forest
and agroforestry was clearly smaller than that in khat mono-
cropping (p=0.028 and p=0.018, respectively) (Fig. 4).
Pearson coefficients for the correlation between SOC and
N (0—40 cm) were greater for khat monocropping (r=0.98,
n=27) and agroforestry (r=0.97, n=27) than for native
forest (r=0.88, n=27) (p<0.01).

Carbon and nitrogen contents in leaf litter and fine
roots

The N content of leaf litter under agroforestry was higher
than under forest and khat monocropping, whereas the simi-
lar difference in C was not statistically significant (Fig. 5a, c)
and the differences between forest and khat monocropping

(a)
a
Agroforestry 4  |———@———|
c
Khat — —_—
b
Khat (via AF) |

0 1 2 3 4 5 6 7 8
Decline of soil organic carbon stock (Mg ha™) per year

Fig.3 Annual decline in soil carbon and nitrogen stocks. Mean esti-
mates of the rates of loss of the soil organic carbon (a) and nitrogen
(b) stocks by the fixed mass method as estimated by dividing the
stocks by the duration. The lines show the lower and upper limits of

Fig.4 Ratio of soil carbon

and nitrogen. Mean estimates
of C/N, i.e., the ratio of soil
organic carbon and nitrogen
stocks (mg ha™") for land uses at
the sampling depth of 0—40 cm,
by the fixed mass method. The
lines show the lower and upper
limits of the 95% confidence
interval of the means, and
different letters on the lines
indicate statistically significant
differences (p <0.05). The
sample size was 81

Native forest —

Agroforestry

Khat

were small. Regarding fine roots, the median estimates of the
C and N contents differed among the land uses (p =0.002)
and tended to be greater in the 0-20 cm soil layer than in the
2040 cm (p=0.101) soil layer, whereas no statistically sig-
nificant interaction between land use and depth (p =0.804)
was observed (Table S2). The C and N contents of fine roots
in forest were nearly double those inputs in khat monocrop-
ping (p=0.026) and nearly three times those in agroforestry
(»<0.001) (Fig. 5b, d). The C and N contents of fine roots
in khat were not statistically significantly greater than those
in agroforestry (p=0.171).

For the N contents of leaf litter, the median estimate dif-
fered among the land uses (p <0.001) whereas for C there
was a tendency only, being greater in agroforestry than in
khat (p=0.103 for C, p <0.001 for N, whereas there was a
difference to forest for N only (p =0.201 for C, p <0.001
for N) (Fig. 5b, d). The C and N in leaf litter in khat and

(b)
a
Agroforestry 4 |———@——
c
Khat — ——e—
b
Khat (via AF) — ——e—-

T T T T T T
0.0 0.1 0.2 0.3 04 0.5 0.6

I
07 08
Decline of nitrogen stock (Mg ha™) per year

the 95% confidence intervals for the means, and different letters on
the lines indicate statistically significant differences (p<0.05). The
sample size was 81

10.0 105

I T
1.0 115 12.0 125 13.0 13.5 14.0

Ratio of soil organic carbon and nitrogen at fixed mass
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Fig.5 Leaf litter and fine root carbon and nitrogen contents depend-
ing on the land use and soil depth. Median estimates of carbon con-
tents in leaf litter (a) and fine roots (b) according to the soil depth and
nitrogen contents in leaf litter (¢) and fine roots (d). The lines show

forest did not differ ecologically nor were they statisti-
cally significantly different from each other (p =0.603 for
both). The median estimates for the C contents in leaf lit-
ter were 301 kg ha™! in forest, 434 kg ha™! in agroforestry
and 267 kg ha™! in khat. The N content of leaf litter was
31 kg ha™! in agroforestry and 10 and 11 kg ha™! for khat
and forest.

Discussion

Our findings indicate that the SOC and N losses due to
the conversion of native forests to perennial monocrop-
ping were substantially greater than due to conversion to
agroforestry, and the annual rates of loss due to the conver-
sion to khat monocropping were 3.0 and 3.4 times higher,
respectively, than those due to the conversion to multistrata
agroforestry. The C and N contents in leaf litter were greater

------ Native forest
...... Agroforestry
Khat

6.0 - (b)

5.5 il
5.0
4.5
4.0+
3.5 *
3.0
2.5
2.0
154
1.04
0.5
0.0

Fine root organic carbon (Mg ha™)

Depth (cm)

160 (d) ------ Native forest
------ Agroforestry
1404  _ eeeea- Khat
120
100 -

80

Fine root organic nitrogen (kg ha™)

Depth (cm)

the lower and upper limits of the 95% confidence intervals for the
medians, and different letters on the lines indicate statistically signifi-
cant differences (p <0.05). The sample sizes were 162 (a, c¢) and 81
(b, d)

in agroforestry than in khat, but the contents in fine roots
tended to be smallest in agroforestry.

Khat cultivation leads to a greater collapse
of soil organic carbon and nitrogen stocks
than agroforestry

Our hypothesis was confirmed by the multiple annual losses
of SOC and N stocks from the conversion of native forest to
perennial monocropping of khat relative to the conversion
to multistrata agroforestry-based cash cropping. Regarding
such a comparison between the forest conversion to mul-
tistrata-agroforestry-based cash cropping and to perennial
monocropping of cash crops, there are no previous empirical
findings to the best of our knowledge.

The 32% decline in SOC at 32-54 years of age in mul-
tistrata agroforestry that replaced native forest in our study
does not support the findings of Kassa et al. (2017). They
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reported a nonsignificant decline after 15-25 years of the
conversion moist Afromontane forest to multistrata agro-
forestry in southwestern Ethiopia. Here, the greater dura-
tion and sampling in replicated groups of matched adjacent
plots of the compared land uses minimized the uncontrolled
variation and might have affected the difference in this find-
ing relative to Kassa et al. (2017). In addition, differences
in the history of forest, land management after the conver-
sion, climate etc. could contribute to the difference in results
between the studies. The conversion of lowland rainforest
to perennial cash crop plantations such as oil palm, rubber,
and cacao reduced C residence time to one third or tenth
(Kotowska et al. 2015) and SOC stocks by up to half (van
Straaten et al. 2015) in Indonesia, Peru, and Cameroon and
by 70% (Guillaume et al. 2015) after 15 years of conversion
in Indonesia, relative to the 44% stock reduction in our study
for the conversion to khat. The slight difference may be due
to the higher initial SOC stocks in the lowland rainforest
than in the Afromontane forest and the conversion through
forest burning, while in our study, khat monocropping was
established through clear cutting.

The superiority of the SOC and N stocks in the forest
relative to multistrata agroforestry and khat was associated
with the many times greater total litter (leaves plus fine
roots) contents of C and N in forest and the lack of cultiva-
tion. Cultivation is a major cause of depletion of soil organic
matter when a forest is converted to a managed ecosystem
(Six et al. 2000). Mechanical cultivation of agroforestry and
khat may have also contributed to the insignificant difference
in the bulk density relative to native forest, in which the
biological mechanisms forming soil structure may have com-
pensated the mechanical effect on soil bulk density in the
two former land uses. Also, the role of slightly higher clay
content observed in native forest soil than in the adjacent
plots of other land uses, probably due to the lower occur-
rence of erosion in native forest than in managed systems
(Guillaume et al. 2015), cannot be excluded from favoring
C sequestration and soil structure. The greater SOC and N
stocks in agroforestry than those in khat were associated
with the roughly twice as high leaf litter pool in agroforestry
due to trees and a lack of harvest as well as with an N supply
provided by legume trees, whereas khat monocropping lacks
trees and khat leaves are periodically harvested with only
small amounts of leaves remaining on the field. In similar
enset-based southern Ethiopian agroforestry, trees contrib-
uted 87 to 95% to the modeled C and N inputs (Negash and
Kanninen 2015). Also, the characteristics of the plant spe-
cies may affect SOC and N stocks.

The clearly greater impact of forest conversion to agrofor-
estry and especially to khat on the SOC and N stocks in the
surface soil than in the subsoil, as observed here, reflects the
differences in the turnover time of organic matter and C use
efficiency in deeper soil layers, as observed by Spohn et al.

@ Springer

(2016). The surface soil is also more affected by cultivation
in agroforestry and khat. In forests, they observed no change
in C use efficiency between depths but an increase in the
turnover time of organic matter along with depth, whereas in
managed ecosystems, a greater proportion of C uptake was
allocated to respiration in deeper layers.

The implications of the findings

The notable quantities of SOC stocks lost due to the ongoing
conversion of native forests and of traditional agroforestry
systems to cash monocropping, as shown by the current study,
are of major importance. This empirical assessment empha-
sizes the potential to maintain major parts of the forest soil
C and N stocks in multistrata agroforestry relative to cash
monocropping. Advancing the understanding and practices
requires that research on the potential of agroforestry provides
details beyond the current tendency to consider agroforestry
as one system (Ramesh et al. 2015; Hombegowda et al. 2016).
Stable SOC stocks accumulate over hundreds and thou-
sands of years but can be lost rapidly (Liang and Balser
2012). The notable suppression of the loss of forest soil
stocks following the conversion of forest to the traditional
agroforestry systems dominant in southern Ethiopia relative
to perennial monocropping is of major practical significance.
The rapid ongoing conversion of native forest and traditional
agroforestry to monocropping may be possible to slow
through economic incentives (Kahiluoto et al. 2014; Wal-
den et al., 2020) to conserve the existing, even irreversible,
C stocks (Pedroni et al. 2010; Goldstein et al. 2020) while
also providing income options for example from cash crops,
and securing food. Consequently, access to the C market by
smallholders managing agroforestry systems deserves atten-
tion in climate negotiations and by the private sector acting
on voluntary C markets. Reduction of transaction costs of
C trading by smallholders as well as upfront payments may
also need to be introduced to strengthen the incentive.
Simultaneously, management of khat monocropping can
be somewhat improved through implementation of mulching
and minimum tillage as well as soil and water conservation to
better maintain C and N (Lal 2004). However, khat monocrop-
ping may not guarantee stable income owing to sensitivity to
diseases and price volatility. Consequently, integration of khat
in agroforestry systems is one strategy to counteract impact
of climate change and soil degradation while providing food,
income, and multiple ecosystem services, also supported by
the national adaptation action plan of Ethiopia (Ethiopia, Min-
istry of Water Resources and Meteorological Agency. 2007).

Generalizability of the findings

The land-use types studied represent a broad range of man-
agement systems in terms of the deterioration of SOC and
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N stocks. Khat is increasing in importance in Ethiopia; 30
to 60% of coffee-growing areas in Ethiopia are anticipated
to become unsuitable for coffee by the end of this century
because of climate change (Moat et al. 2017) even if adapta-
tion efforts through cultivars, irrigation, and further integra-
tion agroforestry may improve the prospects. This, in turn,
will likely provide further incentives for the expansion of
khat, a crop adapted to broader climatic conditions than cof-
fee (Lemessa 2001; Moat et al. 2017). The impact of khat
monocropping in this study, even if crop- and management-
specific, is indicative of the effects of perennial cash crop
monocropping replacing forests across the tropics.

The magnitude of SOC and N stock changes by forest
conversion depends on site properties such as altitude and
edaphic and climatic factors (Bruun et al. 2015; Lal et al.
2015) but is also critically dependent on new land use and
management (Hughes et al. 2002). For example, the exten-
sive root system of grassland may provide enough C to
compensate for the mineralization of native forest C (Yimer
et al. 2007). Grassland is not, however, an alternative to cash
crops in terms of providing food and income to smallholders.
Multistrata agroforestry might include both trees and patches
of grassland while providing the opportunity to grow cash
crops, such as coffee and khat in Ethiopia.

The degree of change in the SOC and N stocks following
forest conversion depends on the duration of post-conversion
management practices and thus on the current distance from
the new steady state of the post-conversion management
(Birch-Thomsen et al. 2007; Fujisaki et al. 2015). The dura-
tion of the agroforestry management of the sampled plots in
our study varied from 32 to 54 years, whereas the duration
of khat monocropping ranged from 15 to 27 years. This dif-
ference in duration, even if accounted for by assessing the
annual rate of C stock decline, indicates a possible difference
in the distance from the steady state between agroforestry
and khat monocropping. Therefore, the total difference in
SOC and N stock decline between these systems in the cur-
rent study represents a conservative estimate. Because the
measurements of leaf and root litters represent a one-time
measurement (even if at a representative time), they indicate
relative values of the land uses and are smaller than the mod-
eled total litter accumulation values (Negash and Kanninen
2015) or the values measured for annually accumulated litter
(Negash and Starr 2013).

Conclusions

The study showed the importance of promoting agroforestry
when forests are converted to agricultural land for produc-
tion of cash crops. The decline in soil SOC and N stocks
under the expansion of khat monocropping, which is many

times more rapid than that in agroforestry-based cash crop-
ping, warrants strong measures. Economic incentives such as
C payments may mitigate SOC stock losses if the incentives
are also targeted to prevent the loss of the current stocks
and not only to add stocks, and if the payments are acces-
sible to smallholders. However, it is important to reduce the
observed SOC and N stock declines in agroforestry as well.
Agroforestry represents an extremely varied system where
the properties determine the potential. Further research is
therefore required to understand the dynamics that underpin
differences in the SOC and N stocks of various agroforestry
systems.
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