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• Management of agroforestry has a high
potential to enhance C and N stocks.

• Duration, tree density and high basal di-
ameter explained half of the SOC varia-
tion.

• Legume tree size and density, as well as
duration, predicted N stock.

• Large legume trees reduced, and large
non-legume trees increased C/N.

• Basal diameter > 10 cm, main crop and
plant diversity predicted aboveground C.
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Agroforestry has the potential to sequester carbon (C) and nitrogen (N), thereby counteracting climate change and soil
degradation. However, the lack of empirical quantitative evidence on determinants of C and N stocks hampers the
management of these stocks. The aim of this study was to identify the key determinants of the C and N stocks in
multistrata agroforestry. We sampled 81 plots with broad variation in 12 hypothetical determinants of C and N stocks
aboveground and in two soil layers, located in three Ethiopian regions with varied multistrata agroforestry traditions
and characteristics. Above-ground stocks were assessed using an allometric equation, and soil stocks were assessed
with the fixed-depth method. The hypothetical determinants, i.e., the duration of agroforestry practice, the tree den-
sity, the proportion of plants with a high basal diameter, legumes and native species, the species diversity, the main
crops, soil texture and pH, and altitude, were tested using linear mixedmodels. The duration of agroforestry, tree den-
sity, and proportion of plants with a high basal diameter (>25 cm) explained half of the variation in the soil C stock,
which represented nearly three quarters or more of the total C stock. Duration and tree density explained most of
the soil N stock, although legumes also influenced soil N. A high proportion of large legume trees reduced C/N,
whereas a high proportion of large non-legume trees increased C/N. The aboveground C stock was explained by
species diversity or the proportion of stems with a basal diameter >10 cm, depending on the main crop. There is a
high potential to manage C and N stocks and their persistence, as well as soil productivity, by managing the duration
of agroforestry, the density of large trees, the proportion of legumes, and the main crops in multistrata agroforestry.
⁎ Corresponding author.
E-mail address: helena.kahiluoto@lut.fi (H. Kahiluoto).
ugust 2022; Accepted 17 August 2022

er B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.158185&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.158185
mailto:helena.kahiluoto@lut.fi
http://dx.doi.org/10.1016/j.scitotenv.2022.158185
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


M. Negash et al. Science of the Total Environment 851 (2022) 158185
1. Introduction

Forests play an important role in global carbon (C) and nitrogen
(N) cycles. The increasing rate of deforestation and rising demand for
food necessitate the search for land use strategies that can complement
the declining role of forests (Tesfaye et al., 2016) while providing food
and income. Agroforestry integrates trees within agricultural landscapes
and counteracts climate change and soil degradation while providing
food, income and multiple ecosystem services such as biodiversity conser-
vation, carbon sinks, nutrient cycling and aesthetic values (Jose, 2009). In
Ethiopia, coffee mostly integrated with agroforestry provides a livelihood
for 15 million farmers, along with their families, and represents 25 % of
the national export income (Moat et al., 2017). Agroforestry systems are,
however, varied, with diverse impacts on climate and soil (Negash and
Starr, 2015; Ma et al., 2020).

Agroforestry has the potential to reduce C and N losses caused by defor-
estation and to sequester C and N relative to cereal-based food production
systems (Rimhanen et al., 2016). Enhancing agroforestry to increase C
and N stocks may thus harbor significant potential to minimize land use-
related net losses of C and N stocks. Currently, agricultural land with at
least 10 % tree cover represents 43 % of the global agricultural area, in
which 45.3 Pg (1 Pg = 1015 g) C is sequestered and trees contribute
>75 % of C sequestration (Zomer et al., 2016). If 630 million ha of unpro-
ductive cropland and grassland were converted to agroforestry, an addi-
tional 586,000 Mg C yr−1 would be sequestered (Smith et al., 2007;
Verchot et al., 2007). Accordingly, 40 % of developing countries have pro-
posed agroforestry as a solution to combat forest decline in their nationally
determined contributions to Paris Agreement on climate change mitigation
(Rosenstock et al., 2019). Indeed, agroforestry is predicted to have the
highest potential C sequestration of all land use types in developing coun-
tries by 2040 (IPCC, 2007; Smith et al., 2007; Verchot et al., 2007). An
understanding of the determinants of C and N stocks is required to realize
this potential. The aboveground and soil C and N stocks at various depths
in tropical agroforestry systems may depend on several major variables,
including the land use history and the duration of the agroforestry system
(Ma et al., 2020; Rimhanen et al., 2016; Tesfaye et al., 2016); tree size
and density (Fernańdez-Nuńẽz et al., 2010; Islam et al., 2015; Pan et al.,
2013; Saha et al., 2009; Stephenson et al., 2017); species composition and
diversity (Cong et al., 2014; Dawud et al., 2016; Jiang et al., 2011; Lange
et al., 2015; Ma et al., 2020; Steinbeiss et al., 2008), including the legume
proportion (Rosenstock et al., 2014; Wu et al., 2017); management prac-
tices (De Beenhouwer et al., 2016; Mafongoya et al., 1998); altitude and
climate (Berg and Laskowski, 2006; Dossa et al., 2013; Hobley et al.,
2015; Mehta et al., 2014); topography (Yimer et al., 2006), and soil type
and properties (Hobley et al., 2015; Pan et al., 2013; Wang et al., 2012).
These variables may determine the dynamics among the initial C and N
stocks, plant growth, the quantity and quality of litter and root inputs,
and decomposition and sequestration, and consequently the C and N stocks
under multistrata agroforestry.

The major determinants of the C and N stocks of various agroforestry
systems cannot be understood based only on the theory or impact of the sys-
tem components. For example, an increase in legume proportion may in-
crease N availability and thus biomass production, which will increase
the organic matter input to the soil (Bell et al., 2005; Fornara and Tilman,
2008; Zak et al., 2003). However, more legumes may also lead to the
more rapid decomposition of organic matter via increased microbial activ-
ity and may hence reduce the soil organic C (SOC) concentration (Lange
et al., 2015). Therefore, the interactions and the relative importance of var-
ious hypothetical determinants must be empirically quantified, to enable
the management of agroforestry systems for maintaining and enhancing
these stocks. This understanding could aid in combining climate change
mitigation and food and incomeprovisioning, potentially triggered through
appropriate policies, such as C payments (Kahiluoto et al., 2014; Pan et al.,
2011; Rimhanen et al., 2016).

Previous studies on the impacts of agroforestry characteristics on C andN
stocks focused on single characteristics, such as plant diversity, management
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intensity or elevation, mainly in Asia (Islam et al., 2015; Saha et al., 2009),
but also in Africa (De Beenhouwer et al., 2016), Latin America (Ma et al.,
2020), and temperate regions (Dawud et al., 2016). However, limited
quantitative empirical evidence is available on the relative importance and
interactions of the main determinants of C and N stocks in multistrata agro-
forestry systems. This knowledge gap undermines themanagement potential
of these stocks (Niether et al., 2020; Schneidewind et al., 2018). Conse-
quently, the objective of this study was to identify the key biophysical
determinants of C and N stocks in multistrata agroforestry systems. The
hypothesis tested was that the main biophysical determinants of C and N
stocks of an agroforestry system are duration; the density of trees and the
proportion of thick stems, legumes and native species; species diversity;
the main crops; soil texture and pH; and altitude.

2. Materials and methods

2.1. Study sites

The study was conducted in Haru-Gedeo (Gedeo) in southeastern
Ethiopia, in Bokansa-Wonsho-Sidama (Sidama) in south-central Ethiopia,
and in Menekus-Abdoguma-Fenote-Selam (Fenote-Selam) in northwestern
Ethiopia. In these regions, multistrata agroforestry systems dominate as tra-
ditional cropping systems that provide livelihoods for rural communities.
Themultistrata systems in the study consist of three ormore vertical canopy
layers (Table 1). The agroforestry systems in Gedeo and Sidama evolved
through gradually and selectively removing trees from natural forests and
intensifying the land use (Negash et al., 2012; Asfaw and Ågren, 2007),
while deliberately retaining native trees and shrubs tomaintainmultistrata
agroforestry. In Fenote-Selam, the agroforestry systems were formed via
the intensification of previous mixed farming that combined cereal-based
cropping with grazing animals.

The sites selected for this study represented a relatively high agricul-
tural productivity within each of the three regions and a broad range of
variation within the multistrata agroforestry system in terms of the hypo-
thetical determinants (refer to Section 2.4). The regions are characterized
by moist to subhumid warm subtropical climates (Table 1). The southeast-
ern Gedeo and south-central Sidama agroforestry sites are the most densely
populated areas of Ethiopia (Mebrate, 2007; Abebe, 2005), which reflects
the high carrying capacity of the agroforestry systems. The perennial, her-
baceous, monocarpic, banana-like plant enset (Ensete ventricosum (Welw.)
Cheesman) is the main crop and serves as a staple food in central, south-
western and southern Ethiopia. Coffee (Coffea arabica L.) is the main cash
crop across the three study sites. Organic coffee grown under shade trees
known by the names Yirgachefe (Gedeo) and Sidama coffee and is interna-
tionally recognized for its high quality. Farmers in Sidama also produce
khat (Catha edulis Forskal), and farmers in Fenote-Selam produce pepper
(Capsicum spp.) in monoculture to obtain additional income.

The plant species compositions of the vertical strata of the Gedeo agro-
forestry system were dominated (63 %) by N-fixing native trees, such as
Millettia ferruginea (Hochst.) Baker and Erythrina brucei Schweinf. Con-
versely, in Sidama, non-N-fixing tree species, including Cordia africana
and enset, accounted for 85 % of the species, and in Fenote-Selam, C.
africana and C. arabica accounted for 71 % of the species. Farmers in
Fenote-Selam also integrated exotic N-fixing species (Sesbania sesban (L.)
Merr.) to a low extent. The tree density (stems ha−1) in the agroforestry
of Fenote-Selam was approximately two times higher than that in Gedeo
and four times higher than that in Sidama (Table 1). Smallholder farmers
in the three sites practice pruning, pollarding and thinning to reduce shad-
ing to coffee and other crops grown under tree cover. Particularly in Gedeo
and Sidama, farmers use green manure from enset leaf litter for chopping
and mulching adding organic matter to the soil to conserve soil moisture
and enhance soil fertility (Negash and Starr, 2015; Negash et al., 2022).
Mineral fertilizers were not applied at any of the study sites. Farmers in
Gedeo practice smashing herbaceous weeds into mulch and enhancing
the organic matter input to the farms, unlike farmers in Sidama and
Fenote-Selam.



Table 1
Biophysical description of the study sites. The values showmeans, while ranges are shown in parentheses. SOC= soil organic carbon; SON= soil organic nitrogen; mth=
mean tree height.

Biophysical variables Southeastern (Gedeo) South-central (Sidama) Northwestern (Fenote-Selam)

Geographic coordinates 5° 50′–6° 12′ N, 38° 03′ –38° 18′ E 7° 00′–7° 06′ N, 38° 34′ –38° 37′ E 10° 39′ –10°42′N,
37°15′ –37°16′ E

Altitude, m 1941 [1910, 1963] 2043 [2000, 2063] 1891 [1885, 1899]
Slope, % 10–30 10–30 10–20
Annual rainfall, mm 800–1200 1200–1500 1200–1500
Mean monthly temperature, °C 13–28 15–20 16–20
Soils Nitisols Nitisols Nitisols
Sand, % 2.8 [1.0, 6.0] 16.1 [10.0, 28.0] 4.5 [2.0, 11.0]
Silt, % 26.5 [16.0, 50.0] 32.0 [25.0, 46.0] 30.1 [19.0, 59.0]
Clay, % 70.7 [47.0, 83.0] 51.7 [29.0, 65.0] 65.4 [36.0, 79.0]
pH (1:25) 6.3 [5.8, 7.1] 6.8 [5.9, 7.6] 6.9 [6.3, 7.3]
SOC, % 3.2 [1.3, 6.2] 3.0 [1.6, 6.0] 2.7 [1.3, 4.7]
N, % 0.3 [0.1, 0.6] 0.3 [0.2, 0.6] 0.2 [0.1, 0.4]
Bulk density, g cm−3 1.0 [0.8, 1.2] 1.1 [0.8, 1.5] 1.0 [0.9, 1.2]
Aboveground C, Mg ha−1 50.3 [4.9, 114.9] 16.3 [0.8, 81.8] 45.1 [1.4, 196.9]
SOC (0–40 cm), Mg ha−1 121.3 [84.5, 160.6] 130.9 [93.2, 221.3] 107.8 [88.2, 148.4]
SON (0–40 cm), Mg ha−1 11.7 [7.7, 15.8] 12.5 [8.5, 20.6] 8.8 [6.3, 11.5]
C/N 10.5 [9.3, 11.4] 10.4 [9.3, 11.6] 12.5 [10.2, 14.3]
Smallholding mean size, ha 0.40 0.75 0.25
Agroforestry type Multistrata rainfed Multistrata rainfed Multistrata rainfed +

irrigated
Median agroforestry duration, yr 38 [10, 45] 45 [32, 54] 26 [19, 35]
Diversity of abundance 0.6 [0.0, 1.1] 0.5 [0.0, 0.9] 0.5 [0.0, 1.1]
Stems w basal diam >10 cm, % 75.9 [30.5, 99.7] 97.3 [74.2, 100] 68.0 [12.8, 98.1]
Stems w basal diam >25 cm, % 46.9 [0, 98.2] 40.9 [0, 100] 36.9 [0, 96.7]
Diversity of basal area 0.7 [0.1, 1.1] 0.4 [0.1, 0.9] 0.5 [0.0, 1.3]
Major canopy trees Millettia ferruginea (mth ~14 m), Erythrina sp. (mth ~15 m),

Cordia africana (mth ~18 m)
C. africana (mth ~9 m)
Croton macrostachyus,
Persea americana

C. africana (mth ~14 m)
Ficus spp.
Sesbania sesban

Legume trees (%) 10.7 [0.0, 100.0] 1.9 [0.0, 20.0] 13.5 [0.0, 100.0]
Tree density, stems ha−1 367 [100,1200] 200 [100, 500] 785 [100,2300]
Coffee strata density, stems ha−1

Basal area m2 ha−1 (>2.5 cm)
240 [30, 680]
62.9 [9.3, 261.1]

10 [10,10]
38.3 [7.7, 129.4]

263 [60, 470]
21.8 [0.3, 74.2]

Main crop
Enset (%) 53.1 [26.0, 74.0] 79.7 [43.0, 90.0] –
Coffee (%) 71.0 [13.0, 95.0] 20.0 [20.0, 20.0] 77.8 [43.0, 100]
Tree spp. (%) 11.4 [5.0, 20.0] 20.1 [10.0, 57.0] 30.3 [8.0, 100.0]

Vertical structures Upper layer: canopy tree spp., mid layer: enset and banana, lower
layer: coffee, ground layer: root and herbaceous crops and weeds.

Upper layer: canopy tree spp., mid layer: enset,
lower layer: coffee, ground layer: herbaceous
crops and weeds.

Upper layer: canopy tree spp.,
mid layer: coffee, ground
layer: weeds

Farm management practices Pruning, lopping, pollarding, thinning, weeding. Enset leaves,
herbaceous plants and foliage of Millettia for composting,
mulching, shading coffee plants.

Pollarding and thinning of trees. Enset leaves
used for composting and mulching.

Pollarding and thinning of
trees

Main food and cash crops Coffee, enset, banana, taro, yam Coffee, enset Coffee, wheat, barley, maize,
green pepper, teff
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2.2. Sampling design

The three study sites of the multistrata agroforestry system were se-
lected in May–June 2015 to ensure a broad range regarding the hypotheti-
cal determinants of C and N stocks across and within the sites (Fig. 1). The
altitude, slope and soil texture of the selected sites were determined, and
soil type was sourced from previous studies (Negash and Starr, 2015;
Abebe, 2005). A total of 324 farms in the sites practiced enset and/or
coffee-based agroforestry, and 25 % of the farms were randomly selected.
The management history of the plots was determined by interviewing the
owner of the farm, and local officials or trustees as ‘key informants’. The
farms were preliminarily grouped into farms with a low, medium and
high diversity of plant species and sizes to ensure representativeness of
the plots and sub-plots (Fig. 1). On the farmswith a low plant species diver-
sity, one to two species were represented, while on farms with a mediocre
diversity, three to four species and on farms with a high diversity more
than four species were represented. A total of 81 agroforestry plots with di-
mensions of 10 m × 10 m were randomly selected following a stratified
random approach; 27 plots were selected from each of the three sites; and
each plot was located on a separate farm for the inventory of perennial
plant species, including enset and coffee, and for soil sampling. The plots
were selected to represent the available range within the hypothetical
3

determinants. The individual sampled farms were located 15–75 m apart.
To select the sampled plot location, each farm was visually divided into
equal grid points (Fig. 1). The sample point was selected via lottery by
assigning a random number to each grid point. The GPS location of each
plot was recorded. The sampled agroforestry plots were 10 to 54 years
old across the selected sites, with histories of forest in the southeastern
Ethiopia (Gedeo) and south-central Ethiopia (Sidama) plots and mixed
farming in the northwestern (Fenote-Selam) plots. An inventory of all the
trees and shrubs on the plots with a breast-height diameter ≥2.5 cm (at
1.3 m) and height ≥1.5 m was performed. The number of saplings and
seedlings with a breast-height diameter <2.5 cm and height <1.5 m was
small, and were not included in the estimation of biomass C stocks. In the
case of multistemmed shrubs, each stemwas measured, and the equivalent
diameter of the plant was calculated as the square root of the sum of the
diameters of all stems per plant (Snowdon et al., 2002).

Five subplots (1m×1m)were laid down at the corners and center of a
larger plot (10m×10m), and a random numberwas assigned to each sub-
plot, among which three subplots were randomly selected using a lottery
(Fig. 1). A wooden sample frame of 1 m × 1 m, which was composed of
10 by 10 unit square grids (10 cm× 10 cm each) was overlaid on selected
subplots. Ten soil subsamples per subplot with depth ranges of 0–20 cm and
20–40 cm were randomly collected with an auger (3.8 cm diameter), and a

https://tools.wmflabs.org/geohack/geohack.php?pagename=Finote_Selam&params=10_42_00_N_37_16_00_E_region:ET_type:city%28105913%29
https://tools.wmflabs.org/geohack/geohack.php?pagename=Finote_Selam&params=10_42_00_N_37_16_00_E_region:ET_type:city%28105913%29
https://tools.wmflabs.org/geohack/geohack.php?pagename=Finote_Selam&params=10_42_00_N_37_16_00_E_region:ET_type:city%28105913%29


Fig. 1. Spatial design of the study. (a) Location of the northwestern (Mankusa-Abdogoma-Fenot-Selam), south-central (Bokaso-Wonsho-Sidama) and southeastern (Haru-
Gedeo) study regions and the specific sites. (b) Agroforestry plots within the sites located at the distance of 15 to 75 m from each other are denoted by white circles,
which indicate the number of subplots within each plot. (c) The layout within each subplot for the plant inventory (10 m × 10 m) and soil sub-sample plots (1 m ×
1 m), each with 10 soil sub-samples forming one composite sample, with a total of five composite samples per sub-plot (Google Maps 2020).
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composite sample was formed for C and N analyses. Six soil samples for
bulk density analysis were separately collected from each subplot at both
soil depths.

2.3. Stock analysis

The aboveground biomass (stem plus bark, branches, and foliage) C
stocks for each plot (Mg ha−1) were calculated based on the product of
the biomass dry matter and C content. The aboveground biomass for trees
and shrubs was determined following the allometric equation developed
by Kuyaha et al. (2012): AGB = 0.225 × d2.341 × ρ0.73 (R2 = 0.98, n =
72), where AGB is the aboveground biomass (kg dry matter plant−1), d
is the breast height diameter (cm), and ρ is the basic wood density
(g cm−3). To estimate the aboveground biomass of coffee and enset plants,
the allometric equations that were developed from onsite harvested plants
in a previous study were used (Negash et al., 2013a, 2013b): AGBcoffee =
0.147 × d402 (R2 = 0.80, n = 31), and ln(AGBenset) = −6.57 + 2.316ln
(d10) + 0.124ln(h); (R2 = 0.91, n = 40), where d40 is the stem diameter
(cm) of the coffee plant at a height of 40 cm, d10 is the basal diameter
(cm) of the enset pseudostem at a height of 10 cm and h is total height
(m). A biomass C content of 48 % was applied for trees and shrubs grown
in agroforestry (Kuyaha et al., 2012), a biomass C content of 49 % was ap-
plied for coffee grown in agroforestry (Negash et al., 2013a), and a biomass
C content of 47 % was applied for ensets grown in agroforestry systems
(Negash et al., 2013b).

The soil samples were air-dried and ground (<2 mm). The total C and N
concentrations were analyzed by dry combustion at 1100 °C using the Leco
CN-2000 analyzer (Leco Corporation, St. Joseph, MI, USA) in the laboratory
of the Natural Resources Institute of Finland. The analysis was carried out
for the original samples and those treated with 6 M HCl to remove carbon-
ate carbon (0–0.40 %, median 0.13 %). In this study, the organic C that re-
mained after the HCl treatment was used to determine the SOC stocks. The
soil pH was measured with electrodes in a 1:2.5 soil/water suspension, and
particle size fractions were measured using the hydrometer method after
dispersionwith sodiumhexametaphosphate solution. The bulk density sam-
ples were oven-dried at 105 °C for 24 h andweighed, and theweights of the
>2mm and<2mm fractions were recorded. The bulk density (ρb) (g cm−3)
was calculated as the oven-dried weight of the soil divided by the volume of
the soil. The SOC and soil organic N (SON) stocks (Mg ha−1) were primarily
4

calculated using the fixed-depth method by multiplying the concentrations
(%) of soil C or N by the bulk density (ρ, g cm−3) and the depth of the
sampled soil (z, 0–20 or 20–40 cm) (Solomon et al., 2002); in other
words, for SOC or SON, Mg ha−1 = C or N (%) × ρ × z × 100.

2.4. Hypothetical determinants

Twelve hypothetical determinants, i.e., hypothetical explanatory vari-
ables, of the C and N stocks and the distribution between the soil layers,
as well as those of soil C/N, were tested. The hypothetical variables were
as follows: (1) the duration of agroforestry practice on the sampled plot of
each farm in years; (2) the tree density (number of stems ha−1 regardless
of the species); (3) the proportion of legume trees in percentages; (4) the
proportion of stems with basal diameter >10 cm or (5) >25 cm (%);
(6) the proportion of native trees based on plant basal area (diameter
<2.5 cm excluded); (7) the species diversity of plant individuals; (8) the
species diversity based on plant basal diameter (Hb = −Σ Pi (Pi) i = 1,
where Pi is the proportion of basal diameter of the ith species, with diame-
ters <2.5 cm excluded); (9) the main crops (enset, coffee, and other crops);
(10) the soil texture; (11) the pH; and (12) the altitude. The Shannon-
Wiener diversity index (Shannon and Weaver, 1949) was applied in
calculating diversities. The data with a correlation matrix for the hypothet-
ical determinants and response variables are shown in Fig. A.1.

2.5. Statistical analysis

Linear mixed models (LMMs) were employed in the analysis of the SOC
and SON stocks, the C/N and the aboveground C stock. Log-transformation
was utilized for all stocks because of skewed distributions. Combined
depths (0–40 cm) were employed in the analysis, but for SOC and SON
stocks, the depths were analyzed separately. The models were fitted using
the residual maximum likelihood (REML) or residual pseudolikelihood
(REPL) estimation method with depth (0–20 cm and 20–40 cm); the dura-
tion of agroforestry in years; the tree density (number of stems ha−1 regard-
less of the species); the proportion of legumes in percentages; the main
crops; the proportion of native trees based on plant basal area in percent-
ages; proportion of stems with basal diameter >10 cm and >25 cm; the
species diversity of plant individuals; and the species diversity based on
basal diameter excluding plants with basal diameter <2.5 cm, calculated
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using the Shannon-Wiener diversity index with their two-way interactions
denoted as fixed effects. All the main effects of the selected predictors
were considered to be relevant predictors and were included in the models.
This method was used to control them, even if they were not statistically
significant. All possible interactions were added to the models and either
kept or separately removed based on their statistical significance. In addi-
tion, the effects of the composite samples (10 subsamples) with soil chem-
ical analysis (pH and the proportions of sand, silt, and clay) were tested, but
were found to be statistically significant only for the aboveground C stock.

The plots within each site were assumed to be independent with nor-
mally distributed random effects. Each plot consisted of three replicates,
and each replicate was a composite of 10 subsamples. The correlation be-
tween each replicate at both depths was considered in the model with a
heterogeneous compound symmetry covariance structure that allowed
unequal variances for each depth (Gbur et al., 2012).

The residuals were checked for normality using a boxplot and plotted
against the fitted values. These plots indicated that the assumptions of the
models were adequate. The Kolmogorov-Smirnov test for normality was
also used to support the interpretations. Only for SOC (Model 3; p =
0.03) the assumption of normality was found to be questionable, due to a
few relatively small outliers at both tails of distribution, and thus this viola-
tion was interpreted as minor. The degrees of freedom were calculated
using the Kenward-Roger method (Kenward and Roger, 2009). A signifi-
cance level of α = 0.10 was applied in the model selection. The marginal
and conditional R2-values were calculated based on the variance of fixed,
random, and residual effects using SAS Macro %GOF (Vonesh and
Chinchilli, 1997). The formermeasures a reduction in the residual variance
explained solely by the fixed effects, while the latter measures a reduction
in the explained variance due to the fitting of both the fixed effects and
the random effects versus the explained variance due to the fitting of an
overall mean. The conditional R2-values were calculated only for full
models, while marginal R2-values were separately calculated for each
fixed effect to evaluate their explanatory power.

Diversity indices were calculated and presented in logarithmic form,
but when back-transformed to the original scale, the more interpretive ex-
ponential form, also known as true diversity, was employed (Jost, 2007).
The analyses were performed using the GLIMMIX procedure in the SAS
Enterprise Guide 7.1 (SAS Institute Inc., Cary, NC, USA). The correlation
matrix was plotted using R (R Core Team, Version 4.0.2).

3. Results

3.1. Determinants of aboveground carbon

The proportion of stems with basal diameters >10 and >25 cm and the
main crop were the most important predictors of aboveground C stocks,
and the proportion of stems with basal diameters >10 cm was the single
most important predictor (Table 2 Model 1). Including their interactions,
these determinants explained 55.6 % of the total variation in the above-
ground C stock.

Relative to coffee or other crops, when the main crop was enset, the
aboveground C stock was explained more by species diversity based on
basal diameter but less by the proportion of plants with a basal diameter
>10 cm (Fig. 2). With coffee as the main crop, the aboveground C stock in-
creased rapidly when the proportion of stems with a basal diameter>10 cm
was higher than 50 %. The association of aboveground C with tree density
was quadratic in Model 1 (Table 2), which meant that an increase in tree
density caused an increase in aboveground C until a density of 1000 trees
per hectare was achieved, after which aboveground C started to decrease.

3.2. Determinants of soil carbon and nitrogen

The duration of agroforestry was clearly the most significant predictor
of the soil C stock (Table 2 Model 3, Fig. 3). The duration resulted in a
quadratic increase in SOC on a logarithmic scale from 90 to 165 with
time, from 10 to 50 years. The growth in tree density was associated with
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an increase in SOC in all sites, with the largest increase in south-central
Ethiopia (Sidama). Additionally, a basal diameter >25 cm caused an in-
crease in the SOC.

Soil carbon stocks were similar in all three sites, and only slightly
greater in Sidama than in the other sites (Table 1). The trees were larger
in Sidama than in the north (slightly smaller than in Gedeo) as shown by
the nearly double basal area relative to that in the North even though the
density of trees was clearly the lowest in Sidama. Consequently, the in-
crease in the low mean density of the larger trees in Sidama outweighed
the increase in SOC by increasing the tree density in the other two sites
(Fig. 3).More than 60%of the total variationwas explained byfixed effects.
When the two depths were considered separately (Table A.2 Model 5), the
marginal R2 was improved by approximately 15 %. An increase in duration
enhanced the SOC to a greater extent at the depth of 0–20 cm than at the
depth of 20–40 cm.

For the N stock, the duration of agroforestry was the most important
predictor, and explained >30 % of the total variation (Table 2 Model 4).
An increase in tree density was associated with an increase in the N stock,
whereas an increase in the proportion of legume trees was associated
with a decrease in theN stock; a one-unit percentage increase in the propor-
tion of legume trees would decrease the N stock by 0.25 %. Thus, if the
proportion of legume trees increases from 50 % to 100 %, the N stock
will decrease by 12 %. However, this result was strongly influenced by a
small number of plots, composed of 100 % legumes and with relatively
low N stocks. The exclusion of these observations (N = 81 to N = 77)
would change the slope to a slightly positive one; a one-unit increase in
the proportion of legume trees would then increase the N stock by 0.1 %.
A limited number of observations with the proportion of legume trees
between 20 and 80 % makes conclusions about this range uncertain. Fur-
thermore, the dependence of N stocks on C stocks and on the size of the
trees (Fig. 4) can explain the unexpected results regarding the dependence
of N stocks on legume trees alone.

Over 70 % of the total variation was explained by the fixed effects.
When SON stocks at the two depths were considered separately
(Table A.2 Model 6), the marginal R2 improved by 8 %. At the depth of
0–20 cm, increasing diversity increased the N stock, whereas in the deeper
soil layer the contrarywas true.Higher species diversity of plant individuals
tended to decrease the N stock if the trees were mainly native but tended to
increase the N stock in the presence of many non-native trees.

3.3. Determinants of soil C/N

With a high proportion of legume trees, an increase in the proportion of
stems with a basal diameter >25 cm led to a lower C/N (Table 2 Model 2,
Fig. 4). Conversely, with a low proportion of legume trees, such an increase
in the proportion of larger trees increased the C/N. Almost two-thirds of the
total variationwas explained byfixed effects, but when randomvariation in
plots was taken into account, the explanatory power was almost 95 %.

4. Discussion

The duration of agroforestry was clearly the main determinant of soil C
and N stocks. The proportion of plants with a high basal diameter (>25 cm)
for the C stock and tree density and proportion of legume trees for the N
stock were also important. A high proportion of large legume trees reduced
C/N, whereas a high proportion of large non-legume trees increased C/N.
The aboveground C stock was determined by the proportion of plants
with moderately-sized or high (>10 cm) basal diameter and the main crop.

4.1. Potential to manage carbon and nitrogen stocks in multistrata agroforestry

The C and N stocks of the native forest also decline under agroforestry,
even if they decline at a substantially slower rate than in monocropping
(Demessie et al., 2013; Negash et al., 2022; Rimhanen et al., 2016). There-
fore, the identification of the manageable determinants of the C and N
stocks in multistrata agroforestry increases the potential of agroforestry to



Table 2
Four models for aboveground C stock, C/N, and SOC and SON stock (1 to 4), including all main effects of predictors and statistically significant second-order interactions of
predictors. All dependent variables, except C/N, were log-transformed, and the effects of predictors are therefore shown on a logarithmic scale. For the categorical variables,
two estimates are shownwhen the number of categories is three (the last category is zero). As the diversity indices aremeasured in logarithmic form, when transformed to the
original scale, their more interpretive exponential form, also known as their true diversity, is employed in the interpretation. The change in percent in the dependent variable
due to every 10% increase in true diversity, can be calculated as (=1.1estimate− 1) ∗ 100%. For other predictors, the change in percent in the dependent variable caused by a
one-unit increase in the independent variable can be calculated as (=eestimate− 1) ∗ 100. C/N back-transformation differs as it is not log-transformed. The estimate divided
by 100 indicates the change in units in the C/N ratio due to every 1% increase in true diversity. For other predictors, the estimate reveals the change in units in the C/N ratio
caused by a one-unit increase in the independent variable. The variances explained for each variable indicate themost significant predictors and sumup tomarginal R2values.
In addition, conditional R2values including random effects are shown for full models. C = carbon; C/N = ratio of SOC and SON; SOC = soil organic carbon; SON = soil
organic nitrogen; Ln AG C = natural logarithm for aboveground carbon; Ln SOC = natural logarithm for SOC, and Ln SON = natural logarithm for SON.

Fixed effect Ln AG C C/N (depth 0–40 cm) Ln SOC (depth 0–40 cm) Ln SON (depth 0–40 cm)

Model 1 (interactions included) Model 2 (interactions included) Model 3 (interactions included) Model 4 (interactions included)

Effect (log scale) P
value

Variance
explained

Effect
(orig. scale)

P
value

Variance
explained

Effect (log scale) P
value

Variance
explained

Effect (log scale) P
value

Variance
explained

Intercept 2.6228 11.8975 4.3352 1.7260
Site 2.879/1.874 0.004 19.0 % −0.450/1.194 0.005 52.4 % 0.238/0.377 0.015 13.1 % 0.129/0.012 0.071 34.3 %
Main crop −2.470/4.916 0.000 4.9 % −0.054/0.078 0.908 0.0 % −0.116/0.044 0.135 0.4 % −0.122/−0.027 0.348 0.4 %
Native trees (%) −0.4783 0.105 0.3 % −0.3253 0.285 0.0 % −0.0323 0.666 1.0 % 0.0461 0.575 0.5 %
Duration (years) 0.0059 0.424 1.4 % −0.0275 0.176 3.6 % −0.0055 0.550 37.3 % 0.0178 0.000 30.7 %
Legume trees (%) −0.0005 0.916 4.2 % 0.0144 0.089 1.1 % −0.0019 0.121 0.4 % −0.0025 0.060 2.6 %
Species diversity of plant
individuals

0.0925 0.844 1.3 % 0.1379 0.712 0.2 % −0.0759 0.408 0.0 % −0.0661 0.502 0.1 %

Tree density 0.0035 0.000 2.1 % 0.0001 0.592 0.0 % 0.0007 0.003 1.6 % 0.0001 0.026 2.7 %
Species diversity based on
plant basal diameter

−0.4475 0.001 1.2 % 0.3868 0.237 0.7 % 0.0795 0.303 0.1 % 0.0384 0.649 0.0 %

Basal diameter > 10 cm (%) −0.0457 0.000 26.9 % −0.0071 0.198 2.0 % −0.0017 0.242 0.0 % −0.0611 0.711 0.3 %
Basal diameter > 25 cm (%) 0.0257 0.000 9.5 % 0.0047 0.122 0.1 % 0.0012 0.064 3.0 % 0.0981 0.161 1.1 %
Duration 2 (years) 0.0003 0.023 3.4 %
Site * tree density −0.001/−0.001 0.057 3.5 %
Legume trees (%) * basal
diameter > 25 cm (%)

−0.0004 0.086 5.5 %

Species diversity based on
plant basal diameter *
Main crop

0.537/5.209 0.000 8.5 %

Basal diameter > 10 cm
(%) * main crop

0.028/−0.041 0.000 3.2 %

Tree density2 −0.0000 0.001 1.3 %
Diversity of individuals *
basal diameter > 25 cm
(%)

−0.0209 0.018 3.3 %

Sand (%) −0.5254 0.000 0.0 %
Sand (%) * site −0.541/−0.375 0.029 0.3 %
Sand (%) * main crop 0.265/−0.503 0.000 1.6 %
Sand (%) * tree density −0.0003 0.008 0.5 %
Sand * basal diameter >
10 cm (%)

0.0107 0.000 3.0 %

Variance explained
(R2

marginal/R2
conditional)

92.5 %/93.7 % 65.0 %/94.8 % 63.9 %/69.5 % 72.6 %/78.4

Statistically significant P values are bolded.

Fig. 2. Aboveground carbon determined by species diversity and stem area. Aboveground carbon (C, t ha−1) was determined by (a) species diversity and (b) proportion of
middle-sized or thick stems, in interaction with main crop. When themain cropwas enset, an increase in species diversity increased aboveground carbon, but when themain
crop was coffee, a high proportion of thick stems was more effective. The estimates of aboveground carbon and species diversity were transformed to the original scale. The
95 % confidence limits for the estimates are indicated by the shaded area.
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Fig. 3. Soil organic carbon and nitrogen stocks determined by the duration of agroforestry and tree density. Both soil organic carbon (SOC) and nitrogen (SON) stocks
continuously increased along with the increase in the duration, whereas the size of the increase of soil carbon stock under increased tree density varied among the three
regions. The estimates of SOC and SON were back-transformed to the original scale. The 95 % confidence limits for the estimates are shown as the shaded area.

M. Negash et al. Science of the Total Environment 851 (2022) 158185
maintain the stocks. The soil stock of C, which represented the majority (71
to 89 %) of the total C stock, as well as the SON stock, were highly affected
by factors that farmers could manage, such as the duration of agroforestry,
tree density and the proportion of legumes. Via managing species composi-
tion and diversity, rotation age and stem density farmers can also manage
the basal area, which appeared as an important determinant for both soil
and aboveground stocks. For example, an addition of 2803, 3928 and
5145 kg C ha−1 yr−1 through litterfall was observed with a tree density
of 625, 1240 and 1505 stems ha−1 in enset, coffee and fruit-coffee agrofor-
estry systems, respectively, in southeastern Ethiopia (Negash and Starr,
2013). Furthermore, including common legume tree species such as
Erythrina brucei and Millettia ferruginea added up to 1428 kg N and
37–61 kg N ha−1 yr−1 with a tree density of 110 and 225 stems ha−1,
respectively.

4.2. Duration of agroforestry and tree density

The duration of agroforestry was not directly related to the above-
ground C stock. This is because trees are also harvested, and the age of in-
dividual trees is managed for shade effects and the production of fodder
and fuelwood. As the duration of agroforestry increases, the canopy cover
of individual trees increases, and farmers reduce the number of shade
trees through thinning, in order to reduce excessive shade for coffee plants
to secure coffee yields. This may also explain the observed negative corre-
lation between tree density and duration.

In accordance with the findings of the present study, an increase in SOC
with the duration of a broad range of multistrata agroforestry systems was
also observed by Rimhanen et al. (2016) in a smaller set of agroforestry
plots in a southern-central region, and by Tesfaye et al. (2016) in the central
highlands of Ethiopia. The volumes of trees which are reflected in the basal
diameter that appeared as a determinant for both aboveground C stock and
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soil C stock in this study, increase with age, thereby enhancing the leaf and
fine root biomass sources of C and N (Saha et al., 2009) and further increas-
ing the SOC stock (Stephenson et al., 2017). The increase in the lowest den-
sity of the larger trees in Sidama compared to that in the North, as shown by
the nearly doubled basal area, outweighed the increase in SOC at the other
two sites, despite the highest proportion of sand in soil found in Sidama;
sandy soil tends to reduce SOC accrual relative to soils with a greater pro-
portion of clay (Kätterer and Andren, 1999). Similarly to our findings, a
high SOC was also attributed to a high tree density by Islam et al. (2015)
and Saha et al. (2009), both in tropical home garden agroforestry and in
temperate agroforestry (Fernańdez-Nuńẽz et al., 2010). The slightly smaller
SON stock in the north compared to that in the other sites likely was due to
the abundant but small legume trees of the north which had accumulated
less nitrogen at the time of the study. Accordingly, the increase in the size
of legume trees increased the SON stock relative to the SOC stock, and
the C/N decreased.

The important role of tree density in determining SOC and SON stocks
implies that increasing tree cover is a practical means of simultaneously en-
hancing climate change mitigation and soil productivity. Maintaining high
tree density by using species with great longevity (Pan et al., 2013) en-
hances deep rooting and the effective capture of nutrients and moisture
thus supplying a large soil volume with fine root litter and root exudates.
While the integration of a tree component in agricultural systems may
enhance climate resilience and provide nutritional benefits through fruit
harvest in addition to improving soil C and N stocks, there may be signifi-
cant trade-offs associated with high tree cover depending on the farming
system and climatic conditions, such as trade-offs concerning productivity,
food security or the hydrologic balance (Zomer et al., 2016).

The greater proportion of near-surface SOC under higher tree density
found in this study is explained by litterfall and fine root C inputs (Freier
et al., 2010), whereas the N distributionwasmore impacted by tree species,



Fig. 4. Ratio between soil organic carbon and soil organic nitrogen (C/N)
determined by the proportion of legume trees. C/N depended on the proportion
of legume trees with a basal diameter >25 cm. A high proportion of legumes and
stems with a high diameter reduced the predicted response of C/N, whereas a
small proportion of legumes and stems with a small diameter increased the
predicted response of C/N. Legume tree proportions were fixed at five evenly
spaced percentages. The 95 % confidence limits for the estimates are shown as
the shaded area.
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especially legume composition, than density. Additionally, the turnover
rate of organic matter decreases with an increase in depth, which together
with the contribution of aged trees leads to prolonged SOC accumulation in
the deeper layers where geology also affects the stocks more than at the
surface (Hobley et al., 2015).

4.3. Plant species diversity and composition

The previously observed increase in the aboveground and soil C stocks
via an increase in the plant diversity (Lange et al., 2015; Ma et al., 2020) of
the perennial species used in agroforestry (Cong et al., 2014) was not
observed in the present study. This was likely caused by interference due
to the plant composition, such as the main crops and legumes, as well as
by the tree size, as indicated by their statistically significant interactions.
A high proportion of native species often with a high wood density may
contribute to aboveground C accumulation (Bastin et al., 2015; Pan et al.,
2013), whereas the broad diversity of the mostly dominant native species
did not produce a difference. While species diversity may increase photo-
synthetic efficiency through diversified rooting niches and thus increased
soil exploration and nutrient uptake as well as the C distribution in the
soil, the shift in species composition through diversification can either
slow or enhance C and N accumulation depending on factors such as,
how decomposable the litter inputs are. The soluble forms of C (including
polyphenols) compared to the available N in organic materials influence
microbial growth and activity, as well as net nutrient mineralization or
immobilization (Mafongoya et al., 1998).

Legumes support microbial N2 fixation from the atmosphere to the
biosphere, fixing 5 to 300 kg N ha−1 yr−1 depending on the species,
which increases the soil N availability via root and leaf litter decomposition
(Rosenstock et al., 2014). Modelling has suggested that legumes enhance
the soil C sink, especially at early growth stages of a tree (Levy-Varon
et al., 2019). However, according to the empirical findings of the present
8

study, legumes achieved a dual effect by simultaneously contributing to
lowering the C/N and, when the proportion of larger legume trees was
high, probably enhancing the decomposition, which increased N stocks
and productivity as well as the priming effect (Kuzyakov, 2010). This im-
plied decomposition of the N-rich organic matter and release of NO2 and
CO2 (Mutuo et al., 2005; Kirkby et al., 2013), with a tendency to reduce
SOC. In accordance with this result, a low proportion of larger legume
trees increased the C/N. Through well-informed management of the deter-
minants of C/N in agroforestry identified in this study — the legume
proportion, in addition to the tree size, species composition, anddiversity—
it is possible to counteract trade-offs (Rosenstock et al., 2014) and achieve
synergy between economic benefits and environmental objectives in tropi-
cal developing countries.

4.4. Generality of the findings

The altitude did not influence either the SOC or SON stock or their dis-
tribution in the present study in Ethiopian highlands in three regions with
different agroforestry traditions but all within the range of 1890 to 2050
m.a.s., in climatic zones where this cropping system has a high potential.
Altitude may, however, be important via its influence on climatic factors
such as precipitation and temperature (Hobley et al., 2015; Mehta et al.,
2014; Wang et al., 2012) and on plant diversity and biomass production
(Berg and Laskowski, 2006; Dossa et al., 2013).

The studied multistrata agroforestry systems represented varied
agroforestry traditions but all with a relatively high diversity and degree
of integration, and thus a high potential for C sequestration. Consequently,
the SOC stocks in the study regions were higher than in many tropical
agroforestry systems (Oelbermann et al., 2006; Kirby and Potvin, 2007;
Dossa et al., 2008; Dube et al., 2011). While the aboveground C stocks
were somewhat lower than those reported for coffee agroforestry in south-
western Ethiopia (De Beenhouwer et al., 2016), they were within the range
reported elsewhere in the tropics (Montagnini and Nair, 2004; Mutuo et al.,
2005; Henry et al., 2009; Luedeling and Neufeldt, 2012; Schmitt-Harsh
et al., 2012).

The three distinct regions and 81 separate agroforestry farms likely
ensure the generality of thefindings on the differences in the C andN stocks
for east Africa, while the identified key determinants of the stocks can be
generally applied for multistrata agroforestry systems.

4.5. Implications for management

Multistrata agroforestry is not a uniform system. The implementation of
the great potential of multistrata agroforestry depends not only on the cli-
matic and topography-related factors which a smallholder farmer hardly
can affect. Instead, as shown by the findings of the current study, the poten-
tial benefits of multistrata agroforestry on C and N stocks, on their relation
C/N and distribution in soil, and thus on climate change mitigation and
adaptation, biodiversity, and long-term productivity as well as on food
and nutrition security, depend greatly on, how the system is designed and
maintained. Current demand for this understanding is high, because effec-
tive agroforestry helps countries to accomplish their national determined
contributions (NDCs) to implement the Paris Agreement on climate; 40 %
of the countries that developed NDCs explicitly propose agroforestry as a
solution and 50 % of the developing countries having strategies to reduce
deforestation and forest degradation identified agroforestry as the way to
combat the decline in forests (Rosenstock et al., 2019).

The findings of the current study highlight the importance of the deter-
minants of soil stocks, because they representmajor part of the entire stocks
of multistrata agroforestry also regarding C. The exploitation of the above-
ground vegetation in building or for food, fodder, energy etc. is decisive and
that prevents the overall impact from being measured in the above-ground
vegetation on-place. The duration of agroforestry found as the key determi-
nant as well as the proportion of plants with a high basal diameter as an-
other key determinant of C and N stocks emphasizes the importance of
the long-term maintenance of each multistrata agroforestry plot to exploit
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the full gains of the continuously increasing impact on the stocks and thus
on climate, soil conservation and productivity. For the above-ground C
stock and its preservation, the main crop and further use of the C stock in
wood and leaves, and the properties and effects of the energy source
replaced by the firewood (Kuisma et al., 2013), are decisive.

Since tree density and proportion of legume trees were most important
for N stock and a high proportion of large legume trees reduced C/N
whereas a high proportion of large non-legume trees increased C/N, ensur-
ing a long-term maintenance of growing legume trees is essential for
the productivity. The delicate balance between C sink and productivity
is best managed through the proportion of the large legume and non-
legume trees, and the context-dependence and quantification of the man-
agement of this balance deserve further attention, modelling and empirical
research.

5. Conclusions

C and N stocks in agroforestry systems appear to be highly manageable.
The determinants of soil stocks clearly have a higher potential for manage-
ment than the determinants of aboveground stocks as the size of the soil
stock is considerably larger. Consequently, the duration and tree density
that are critical for soil stocks appear to be the main determinants, while
the legume proportion is also important for the persistence of soil C and
for soil productivity via C/N. Regarding management of the delicate bal-
ance between soil C and N, more empirical in-depth research is needed.
In addition, the potential of practices such as pruning and soil amendment
which currently vary little among farms, deserve further research.

As a conclusion, there is great potential tomanage the stocks of C and N
and their persistence, as well as their distribution in soil, through under-
standing their biophysical determinants in multistrata agroforestry. Such
management practices can employ the synergy between supporting,
regulating, and provisioning ecosystem services to counteract climate
change, and can simultaneously increase soil productivity and food security
there where they are under the highest pressure.

CRediT authorship contribution statement

Mesele Negash: Conceptualization; Data curation; Investigation;Method-
ology; Resources; Visualization; Roles/Writing – original draft.

Janne Kaseva: Conceptualization; Data curation; Formal analysis; Inves-
tigation; Methodology; Software; Visualization; Writing – review& editing.

Helena Kahiluoto: Conceptualization; Funding acquisition; Investigation;
Methodology; Project administration; Resources; Supervision; Writing –
review & editing.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare no conflicts of interest.

Acknowledgements

We are grateful to the farmers who allowed the collection of data from
their farms. Special thanks are extended to Hanna Mäkinen and Zebene
Asfaw for their help in facilitating the collection of soil samples. We also
thank the staff at the soil laboratory of Natural Resources Institute
Finland for the soil analyses. This work was supported by the Academy of
Finland (SOILMAN project, Decision No. 270106/294135).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.158185.
9

References

Abebe, T., 2005. Diversity in Home Garden Agroforestry System of Southern Ethiopia. PhD
Dissertation. Wageningen Agricultural University, The Netherlands.

Asfaw, Z., Ågren, G.I., 2007. Farmers' local knowledge and topsoil properties of agroforestry
practices in Sidama, southern Ethiopia. Agrofor. Syst. 71, 35–48. https://doi.org/10.
1007/s10457-007-9087-0.

Bastin, J.-F., Fayolle, A., Tarelkin, Y., den Bulcke, J.V., de Haulleville, T., Mortier, F.,
Beeckman, H., Van Acker, J., Serckx, A., Bogaert, J., De Cannière, C., 2015.Wood specific
gravity variations and biomass of central African tree species: the simple choice of the
outer wood. PLOS ONE 10 (11), e0142146 10.1371 10.1371/journal.pone.0142146.

Bell, T., Newman, J.A., Silverman, B.W., Turner, S.L., Lilley, A.K., 2005. The contribution of
species richness and composition to bacterial services. Nature 436, 1157–1160. https://
doi.org/10.1038/nature03891.

Berg, B., Laskowski, R., 2006. Litter decomposition: a guide to carbon and nutrient turnover.
Adv. Ecol. Res. 38, 1–421. https://doi.org/10.1016/S0065-2504(05)38001-9.

Cong, W.-F., van Ruijven, J., Mommer, L., De Deyn, G.B., Berendse, F., Hoffland, E., 2014.
Plant species richness promotes soil carbon and nitrogen stocks in grasslands without
legumes. J. Ecol. 102, 1163–1170. https://doi.org/10.1111/1365-2745.12280.

Dawud, S.M., Raulund-Rasmussen, K., Domisch, T., Finer, L., Jaroszewicz, B., Vesterdal, L.,
2016. Is tree species diversity or species identity the more important driver of soil carbon
stocks, C/N ratio, and pH? Ecosystems 19 (4), 645–660. https://doi.org/10.1007/
s10021-016-9958-1.

De Beenhouwer, M., Geeraert, L., Mertens, J., Van Geel, M., Aerts, R., Vanderhaegen, K.,
Honnay, O., 2016. Biodiversity and carbon storage co-benefits of coffee agroforestry
across a gradient of increasing management intensity in the SW Ethiopian highlands.
Agric. Ecosyst. Environ. 222, 193–199. https://doi.org/10.1016/j.agee.2016.02.017.

Demessie, A., Singh, B.R., Lal, R., 2013. Soil carbon and nitrogen stocks under
chronosequence of farm and traditional agroforestry land uses in Gambo District, South-
ern Ethiopia. Nutr. Cycl. Agroecosyst. 95, 365–375. https://doi.org/10.1007/s10705-
013-9570-0.

Dossa, E.L., Fernands, E.C.M., Reid, W.S., Ezui, K., 2008. Above- and-belowground biomass,
nutrient and carbon stocks contrasting an open-grown and a shaded coffee plantation.
Agrofor. Syst. 72, 103–115. https://doi.org/10.1007/s10457-007-9075-4.

Dossa, G.G.O., Paudel, E., Fujinuma, J., Yu, H., Chutipong, W., et al., 2013. Factors determin-
ing Forest diversity and biomass on a tropical volcanoMt. Rinjani, Lombok, Indonesia.
PLoS ONE 8 (7), e67720. https://doi.org/10.1371/journal.pone.0067720.

Dube, F., Thevathasan, N.V., Zagal, E., Gordon, A.M., Stolpe, N.B., Espinosa, M., 2011. Carbon
sequestration potential of silvopastoral and other land use systems in the Chilean
Patagonia. In: Kumar, B.M., Nair, P.K.R. (Eds.), Carbon Sequestration Potential of
Agroforestry Systems: Opportunities and Challenges, Advances in Agroforestry 8.
Springer, pp. 101–127.

Fernańdez-Nuńẽz, E., Rigueiro-Rodríguez, A., Mosquera-Losada, M.R., 2010. C allocation dy-
namics one decade after afforestation with Pinus radiate D. Don and Betula alba L. under
two stand densities in NW Spain. Ecol. Eng. 36 (7), 876–890. https://doi.org/10.1016/J.
ECOLENG.2010.03.007.

Fornara, D.A., Tilman, D., 2008. Plant functional composition influences rates of soil carbon
and nitrogen accumulation. J. Ecol. 96, 314–322. https://doi.org/10.1111/j.1365-
2745.2007.01345.x.

Freier, K.P., Glaser, B., Zech, W., 2010. Mathematical modeling of soil carbon turnover in nat-
ural Podocarpus forest and Eucalyptus plantation in Ethiopia using compound specific
δ13C analysis. Glob. Chang. Biol. 16, 1487–1502. https://doi.org/10.1111/j.1365-
2486.2009.02096.x.

Gbur, E., Stroup, W.W., KS, McCarter, et al., 2012. Analysis of Generalized Linear Mixed
Models in the Agricultural and Natural Resources Sciences. American Society of Agron-
omy, Madison. https://doi.org/10.2134/2012.

Henry, M., Tittonell, P., Manlay, R.J., Bernoux,M., Albrecht, A., Vanlauwe, B., 2009. Biodiver-
sity, carbon stocks and sequestration potential in aboveground biomass in smallholder
farming systems of western Kenya. Agric. Ecosyst. Environ. 129, 238–252. https://doi.
org/10.1016/J.AGEE.2008.09.006.

Hobley, E., Wilson, B., Wilkie, A., Gray, J., Koen, T., 2015. Drivers of soil organic carbon
storage and vertical distribution in Eastern Australia. Plant Soil 390, 111–127.

IPCC, 2007. Climate Change 2007: Impacts, Adaptation and Vulnerability. Report of the
Working Group II. Cambridge University Press, UK, p. 973.

Islam, M., Dey, A., Rahman, M., 2015. Effect of tree diversity on soil organic carbon content in
the homegarden agroforestry system of North-Eastern Bangladesh. SmallScale For. 14,
91–101. https://doi.org/10.1080/23312025.2020.1728945.

Jiang, L., Han, X., Dong, N., Wang, Y., Kardol, P., 2011. Plant species effects on soil carbon
and nitrogen dynamics in a temperate steppe of northern China. Plant Soil 346, 331–347.

Jose, S., 2009. Agroforestry for ecosystem services and environmental benefits: an overview.
Agrofor. Syst. 76, 1–10.

Jost, L., 2007. Partitioning diversity into independent alpha and beta components. Ecology
88, 2427–2439. https://doi.org/10.1890/06-1736.1.

Kahiluoto, H., Smith, P., Moran, D., Olesen, J.E., 2014. Enabling food security by verifying
agricultural carbon. Nat. Clim. Chang. 4, 309–3011. https://doi.org/10.1038/
nclimate2209.

Kätterer, T., Andren, O., 1999. Long-term agricultural field experiments in northern Europe:
analysis of the influence of management on soil carbon stocks using the ICBM model.
Agric. Ecosyst. Environ. 141, 184–192. https://doi.org/10.1016/S0167-8809(98)
00177-7.

Kenward, M.G., Roger, J.H., 2009. An improved approximation to the precision of fixed
effects from restricted maximum likelihood. Comput. Stat. Data Anal. 53, 2583–2595.
https://doi.org/10.1016/j.csda.2008.12.013.

Kirby, K.R., Potvin, C., 2007. Variation in carbon storage among tree species: implications for
the management of a small-scale carbon sink project. For. Ecol. Manag. 246 (2–3),
208–221. https://doi.org/10.1016/j.foreco.2007.03.072.

https://doi.org/10.1016/j.scitotenv.2022.158185
https://doi.org/10.1016/j.scitotenv.2022.158185
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181349371424
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181349371424
https://doi.org/10.1007/s10457-007-9087-0
https://doi.org/10.1007/s10457-007-9087-0
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181350121513
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181350121513
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181350121513
https://doi.org/10.1038/nature03891
https://doi.org/10.1038/nature03891
https://doi.org/10.1016/S0065-2504(05)38001-9
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1007/s10021-016-9958-1
https://doi.org/10.1007/s10021-016-9958-1
https://doi.org/10.1016/j.agee.2016.02.017
https://doi.org/10.1007/s10705-013-9570-0
https://doi.org/10.1007/s10705-013-9570-0
https://doi.org/10.1007/s10457-007-9075-4
https://doi.org/10.1371/journal.pone.0067720
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181351034292
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181351034292
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181351034292
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181351034292
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181351034292
https://doi.org/10.1016/J.ECOLENG.2010.03.007
https://doi.org/10.1016/J.ECOLENG.2010.03.007
https://doi.org/10.1111/j.1365-2745.2007.01345.x
https://doi.org/10.1111/j.1365-2745.2007.01345.x
https://doi.org/10.1111/j.1365-2486.2009.02096.x
https://doi.org/10.1111/j.1365-2486.2009.02096.x
https://doi.org/10.2134/2012
https://doi.org/10.1016/J.AGEE.2008.09.006
https://doi.org/10.1016/J.AGEE.2008.09.006
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181358121961
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181358121961
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181351531431
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181351531431
https://doi.org/10.1080/23312025.2020.1728945
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181358135611
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181358135611
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181358155771
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181358155771
https://doi.org/10.1890/06-1736.1
https://doi.org/10.1038/nclimate2209
https://doi.org/10.1038/nclimate2209
https://doi.org/10.1016/S0167-8809(98)00177-7
https://doi.org/10.1016/S0167-8809(98)00177-7
https://doi.org/10.1016/j.csda.2008.12.013
https://doi.org/10.1016/j.foreco.2007.03.072


M. Negash et al. Science of the Total Environment 851 (2022) 158185
Kirkby, C.A., et al., 2013. Carbon-nutrient stoichiometry to increase soil carbon sequestration.
Soil Biol. Biochem. 60, 77–86. https://doi.org/10.1016/j.soilbio.2013.01.011.

Kuisma, M., Kahiluoto, H., Havukainen, J., Lehtonen, E., Luoranen, M., Myllymaa, T.,
Grönroos, J., Horttanainen, M., 2013. Understanding biorefining efficiency – the case
of agrifood waste. Bioresour. Technol. 135, 588–597. https://doi.org/10.1016/j.
biortech.2012.11.038.

Kuyaha, S., Dietz, J., Catherine, M., Jamnadassa, R., Mwangi, P., Coe, R., Neufeldt, H., 2012.
Allometric equations for estimating biomass in agricultural landscapes I, aboveground
biomass. Agric. Ecosyst. Environ. 158, 216–224. https://doi.org/10.1016/j.agee.2012.
05.011.

Kuzyakov, Y., 2010. Priming effects: interactions between living and dead organic matter. Soil
Biol. 42, 1363–1371. https://doi.org/10.1016/j.soilbio.2010.04.003.

Lange, M., Eisenhauer, N., Sierra, C.A., Bessler, H., Engels, C., Griffiths, R.I., Malik, A.A., Roy,
J., Scheu, S., Steinbeiss, S., Thomson, B.C., Trumbore, S.E., Gleixner, G., Mellado-Va´
Zquez, P.G., 2015. Plant diversity increases soil microbial activity and soil carbon storage.
Nat. Commun. 6 (6707), 1–8. https://doi.org/10.1038/ncomms7707.

Levy-Varon, J.H., Batterman, S.A., Medvigy, D., Xu, X., Hall, J.S., van Breugel, M., Hedin, L.O.,
2019. Tropical carbon sink accelerated by symbiotic dinitrogen fixation. Nat. Commun.
10 (1), 5637. https://doi.org/10.1038/s41467-019-13656-7 doi:10.1038/s41467-019-
13656-7.

Luedeling, E., Neufeldt, H., 2012. Carbon sequestration potential of parkland agroforestry in
the Sahel. Clim. Chang. 115, 443–461. https://doi.org/10.1007/s10584-012-0438-0.

Ma, Z., Chen, H.Y.H., Bork, E.W., Carlyle, C.N., Chang, S.X., 2020. Carbon accumulation in ag-
roforestry systems is affected by tree species diversity, age and regional climate: a global
meta-analysis. Glob. Ecol. Biogeogr. 00, 1–12. https://doi.org/10.1111/geb.13145.

Mafongoya, P.L., Giller, K.E., Palm, C.A., 1998. Decomposition and nitrogen release patterns
of tree prunings and litter. Agrofor. Syst. 38, 77–97. https://doi.org/10.1023/A:
1005978101429.

Mebrate, B.T., 2007. Agroforestry Practices in Gedeo Zone Ethiopia a Geographical Analysis.
PhD Dissertation. Panjab University, Chandigarh.

Mehta, N., Pandya, N.R.V., Thomas, O., Krishnayya, N.S.R., 2014. Impact of rainfall gradient
on aboveground biomass and soil organic carbon dynamics of forest covers in Gujarat,
India. Ecol. Res. 29, 1053–1063. https://doi.org/10.1007/s11284-014-1192-8.

Moat, J., Jenny, W., Baena, S., Wilkinson, T., Gole, T.W., et al., 2017. Resilience potential of
the Ethiopian coffee sector under climate change. Nat. Plants 3 (17081), 1–14. https://
doi.org/10.1038/NatPlants.2017.81.

Montagnini, F., Nair, P.K.R., 2004. Carbon sequestration: an under environmental benefits of
agroforestry systems. Agrofor. Syst. 61, 281–295. https://doi.org/10.1023/B:AGFO.
0000029005.92691.79.

Mutuo, P.K., Cadisch, G., Albrecht, A., Palm, C.A., Verchot, L., 2005. Potential of agroforestry
for carbon sequestration and mitigation of greenhouse gas emissions from soils in the tro-
pics. Nutr. Cycl. Agroecosyst. 71, 43–54. https://doi.org/10.1007/s10705-004-5285-6.

Negash, M., Starr, M., 2013. Litterfall production and associated carbon and nitrogen fluxes of
seven woody species grown in indigenous agroforestry systems in the Rift Valley escarp-
ment of Ethiopia. Nutr. Cycl. Agroecosyst. 97, 29–41. https://doi.org/10.1007/s10705-
013-9590-9.

Negash, M., Starr, M., 2015. Biomass and soil carbon stocks of indigenous agroforestry sys-
tems on the south-eastern Rift Valley escarpment, Ethiopia. Plant Soil 393, 95–107.
https://doi.org/10.1007/s11104-015-2469-6.

Negash, M., Yirdaw, E., Luukkanen, O., 2012. Potential of indigenous multistrata agroforests
for maintaining native floristic diversity in the south-eastern Rift Valley escarpment,
Ethiopia. Agrofor. Syst. 85, 9–28. https://doi.org/10.1007/s10457-011-9408-1.

Negash, M., Starr, M., Kanninen, M., Berhe, L., 2013a. Allometric equations for aboveground
biomass of Coffea arabica L. grown in indigenous agroforestry systems in the Rift Valley
escarpment of southern-eastern Ethiopia. Agrofor. Syst. 87, 953–966. https://doi.org/10.
1007/s10457-013-9611-3.

Negash, M., Starr, M., Kanninen, M., 2013b. Allometric equations for biomass estimation of
Enset (Ensete ventricosum) grown in indigenous agroforestry systems in the Rift Valley
escarpment of southern-eastern Ethiopia. Agrofor. Syst. 87, 571–581. https://doi.org/
10.1007/s10457-012-9577-6.

Negash, M., Kaseva, J., Kahiluoto, H., 2022. Perennial monocropping of khat decreased soil
carbon and nitrogen relative to multistrata agroforestry and natural forest in southeastern
Ethiopia. Reg. Environ. Chang. 22, 38. https://doi.org/10.1007/s10113-022-01905-3.

Niether, W., Jacobi, J., Blaser, W.J., Andres, C., Armengot, L., 2020. Cocoa agroforestry
systems versus monocultures: a multi-dimensional meta-analysis. Environ. Res. Lett. 15,
104085. https://doi.org/10.1088/1748-9326/abb053.

Oelbermann, M., Voroney, R.P., Thevathasan, N.V., Gordon, A.M., Kass, D.C.L., Schlönvoigt,
A.M., 2006. Soil carbon dynamics and residue stabilization in a Costa Rican and southern
Canadian alley cropping system. Agrofor. Syst. 68, 27–36. https://doi.org/10.1007/
s10457-005-5963-7.

Pan, Y., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L., Shvidenko, A., Lewis, S.L.,
Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W., AD, McGuire, Piao, S., Rautiainen,
A., Sitch, S., Hayes, D., Birdsey, R.A., Fang, J., 2011. A large and persistent carbon sink
in the world’s forests. Science 333, 988–993. https://doi.org/10.1126/science.1201609.
10
Pan, C., Zhao, H., Zhao, X., Han, H., Wang, Y., Li, J., 2013. Biophysical properties as determi-
nants for soil organic carbon and total nitrogen in grassland salinization. PLoS ONE 8 (1),
e54827. https://doi.org/10.1371/journal.pone.0054827.

Rimhanen, K., Ketoja, E., Yli-Halla, M., Kahiluoto, H., 2016. Ethiopian agriculture has greater
potential for carbon sequestration than previously estimated. Glob. Chang. Biol. 22,
3739–3749. https://doi.org/10.1111/gcb.13288.

Rosenstock, T.S., Tully, K.L., Arias-Navarro, C., Neufeldt, H., Butterbach-Bahl, K., Verchot,
L.V., 2014. Agroforestry with N2-fixing trees: sustainable development's friend or foe?
Curr. Opin. Environ. Sustain. 6, 15–21. https://doi.org/10.1016/j.cosust.2013.09.001.

Rosenstock, T.S., Wilkes, A., Jallo, C., Namoi, N., Bulusu, M., Suber, M., Mboi, D., Mulia, R.,
Simelton, E., Richards, M., Gurwick, N., Wollenberg, E., 2019. Making trees count:
measurement and reporting of agroforestry in UNFCCC national communications of
non-Annex I countries. Agric. Ecosyst. Environ. 284, 106569. https://doi.org/10.1016/
j.agee.2019.106569.

Saha, S.K., Nair, P.K.R., Nair, V.D., Kumar, B.M., 2009. Soil carbon stock in relation to plant
diversity of homegardens in Kerala, India. Agrofor. Syst. 76, 53–65. https://doi.org/10.
1007/s10457-009-9228-8.

Schmitt-Harsh, M., Evans, T.P., Castellanos, E., Randolph, J.C., 2012. Carbon stocks in coffee
agroforests and mixed dry tropical forests in the western highlands of Guatemala.
Agrofor. Syst. 86, 141–157. https://doi.org/10.1007/s10457-012-9549-x.

Schneidewind, U., Niether, W., Armengot, L., Schneider, M., Sauer, D., Heitkamp, F., Gerold,
G., 2018. Carbon stocks, litterfall and pruning residues in monoculture and agroforestry
cacao production systems. Exp. Agric. 55 (3), 452–470. https://doi.org/10.1017/
S001447971800011X.

Shannon, C.E., Weaver, W., 1949. The Mathematical Theory of Communication. University of
Illinois Press, Urbana, Illinois, p. 117.

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., Ogle, S., O’Mara, F., Rice, C.,
Scholes, B., Sirotenko, O., McCarl, B., 2007. Agriculture. In climate change 2007: mitiga-
tion. In: Metz, B., Davidson, O.R., Bosch, P.R., Dave, R., Meyer, L.A. (Eds.), Contribution
of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA.

Snowdon, P., Raison, J., Keith, H., Ritson, P., Grierson, P., Adams, M., Montagu, K., Bi, H.-Q.,
Burrows, W., Eamus, D., 2002. Protocol for sampling tree and stand biomass. National
Carbon Accounting System, Technical Report No 31. Australian Greenhouse Office,
Canberra, p. 66.

Solomon, D., Fritzsche, F., Lehmann, J., Tekalign, M., Zech, W., 2002. Soil organic matter
dynamics in the sub-humid agroecosystems of the Ethiopian highlands: evidence from
natural 13C abundance and particle-size fractionation. Soil Sci. Soc. Am. J. 66,
969–978. https://doi.org/10.2136/sssaj2002.9690.

Steinbeiss, S., Bebler, H., Engels, C., Temperton, V.M., Buchmanss, N., Roscher, C., Kreutziger,
Y., Baade, J., Habekost, M., Gleixner, G., 2008. Plant diversity positively affects short-
term soil carbon storage in experimental grasslands. Glob. Chang. Biol. 14, 2937–2949.
https://doi.org/10.1111/j.1365-2486.2008.01697.x.

Stephenson, N.L., et al., 2017. Rate of tree carbon accumulation increases continuously with
tree size. Nature https://doi.org/10.1038/nature12914.

Tesfaye, M.A., Bravo, F., Ruiz-Peinado, R., Pando, V., Bravo-Oviedo, A., 2016. Impact of
changes in land use, species and elevation on soil organic carbon and total nitrogen in
Ethiopian Central Highlands. Geoderma 261, 70–79. https://doi.org/10.1016/j.
geoderma.2015.06.022.

Verchot, L.V., Noordwijk, M.V., Kandji, S., Tomich, T., Ong, C., Albrecht, A., Mackensen, J.,
Bantilan, C., Anupama, K.V., Palm, C., 2007. Climate change: linking adaptation and
mitigation through agroforestry. Mitig. Adapt. Strateg. Glob. Chang. 12, 901–918.
https://doi.org/10.1007/S11027-007-9105-6.

Vonesh, E.F., Chinchilli, V.M., 1997. Linear and Nonlinear Models for Analysis of Repeated
Measurements. Marcel Dekker, New York.

Wang, S., Wang, X., Ouyang, Z., 2012. Effects of land use, climate, topography and soil prop-
erties on regional soil organic carbon and total nitrogen in the Upstream Watershed of
Miyun Reservoir, North China. Environ. Sci. 24 (3), 387–395. https://doi.org/10.1016/
S1001-0742(11)60789-4.

Wu, G.-L., Liu, Y., Tian, F.-P., Shi, Z.-H., 2017. Legumes functional group promotes soil
organic carbon and nitrogen storage by increasing plant diversity. Land Degrad. Dev.
28, 1336–1344. https://doi.org/10.1002/ldr.2570.

Yimer, Y., Ledin, S., Abdelkadir, A., 2006. Soil organic carbon and total nitrogen stocks as af-
fected by topographic aspect and vegetation in the Bale Mountains, Ethiopia. Geoderma
135, 335–344. https://doi.org/10.1016/j.foreco.2006.05.055.

Zak, D.R., Holmes, W.E., White, D.C., Aaron, D.P., Tilman, D., 2003. Plant diversity, soil
microbial communities, and ecosystem function: are there any links? Ecology 84,
2042–2050. https://doi.org/10.1890/02-0433.

Zomer, R.J., Neufeldt, H., Xu, J., Ahrends, A., Bossio, D., Trabucco, A., van Noordwijk, M.,
Wang, M., 2016. Global tree cover and biomass carbon on agricultural land: the contribu-
tion of agroforestry to global and national carbon budgets. Sci. Rep. 6, 29987. https://
doi.org/10.1038/srep29987.

https://doi.org/10.1016/j.soilbio.2013.01.011
https://doi.org/10.1016/j.biortech.2012.11.038
https://doi.org/10.1016/j.biortech.2012.11.038
https://doi.org/10.1016/j.agee.2012.05.011
https://doi.org/10.1016/j.agee.2012.05.011
https://doi.org/10.1016/j.soilbio.2010.04.003
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/s41467-019-13656-7 doi:10.1038/s41467-019-13656-7
https://doi.org/10.1038/s41467-019-13656-7 doi:10.1038/s41467-019-13656-7
https://doi.org/10.1007/s10584-012-0438-0
https://doi.org/10.1111/geb.13145
https://doi.org/10.1023/A:1005978101429
https://doi.org/10.1023/A:1005978101429
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181352409774
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181352409774
https://doi.org/10.1007/s11284-014-1192-8
https://doi.org/10.1038/NatPlants.2017.81
https://doi.org/10.1038/NatPlants.2017.81
https://doi.org/10.1023/B:AGFO.0000029005.92691.79
https://doi.org/10.1023/B:AGFO.0000029005.92691.79
https://doi.org/10.1007/s10705-004-5285-6
https://doi.org/10.1007/s10705-013-9590-9
https://doi.org/10.1007/s10705-013-9590-9
https://doi.org/10.1007/s11104-015-2469-6
https://doi.org/10.1007/s10457-011-9408-1
https://doi.org/10.1007/s10457-013-9611-3
https://doi.org/10.1007/s10457-013-9611-3
https://doi.org/10.1007/s10457-012-9577-6
https://doi.org/10.1007/s10457-012-9577-6
https://doi.org/10.1007/s10113-022-01905-3
https://doi.org/10.1088/1748-9326/abb053
https://doi.org/10.1007/s10457-005-5963-7
https://doi.org/10.1007/s10457-005-5963-7
https://doi.org/10.1126/science.1201609
https://doi.org/10.1371/journal.pone.0054827
https://doi.org/10.1111/gcb.13288
https://doi.org/10.1016/j.cosust.2013.09.001
https://doi.org/10.1016/j.agee.2019.106569
https://doi.org/10.1016/j.agee.2019.106569
https://doi.org/10.1007/s10457-009-9228-8
https://doi.org/10.1007/s10457-009-9228-8
https://doi.org/10.1007/s10457-012-9549-x
https://doi.org/10.1017/S001447971800011X
https://doi.org/10.1017/S001447971800011X
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181353494930
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181353494930
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181354344732
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181354344732
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181354344732
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181354344732
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181354344732
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181355281114
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181355281114
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181355281114
https://doi.org/10.2136/sssaj2002.9690
https://doi.org/10.1111/j.1365-2486.2008.01697.x
https://doi.org/10.1038/nature12914
https://doi.org/10.1016/j.geoderma.2015.06.022
https://doi.org/10.1016/j.geoderma.2015.06.022
https://doi.org/10.1007/S11027-007-9105-6
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181354536583
http://refhub.elsevier.com/S0048-9697(22)05284-6/rf202208181354536583
https://doi.org/10.1016/S1001-0742(11)60789-4
https://doi.org/10.1016/S1001-0742(11)60789-4
https://doi.org/10.1002/ldr.2570
https://doi.org/10.1016/j.foreco.2006.05.055
https://doi.org/10.1890/02-0433
https://doi.org/10.1038/srep29987
https://doi.org/10.1038/srep29987

	Determinants of carbon and nitrogen sequestration in multistrata agroforestry
	1. Introduction
	2. Materials and methods
	2.1. Study sites
	2.2. Sampling design
	2.3. Stock analysis
	2.4. Hypothetical determinants
	2.5. Statistical analysis

	3. Results
	3.1. Determinants of aboveground carbon
	3.2. Determinants of soil carbon and nitrogen
	3.3. Determinants of soil C/N

	4. Discussion
	4.1. Potential to manage carbon and nitrogen stocks in multistrata agroforestry
	4.2. Duration of agroforestry and tree density
	4.3. Plant species diversity and composition
	4.4. Generality of the findings
	4.5. Implications for management

	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




