
RESEARCH ARTICLE

Agroforestry practices and on-site charcoal production enhance soil
fertility and climate change mitigation in northwestern Ethiopia

Dong-Gill Kim1
& Gashaw Kassahun1

& Fantaw Yimer1 & Nicolas Brüggemann2
& Bruno Glaser3

Accepted: 16 July 2022 /Published online: 11 August 2022
# INRAE and Springer-Verlag France SAS, part of Springer Nature 2022

Abstract
In northwestern Ethiopia, a conventional teff (Eragrostis tef (Zucc.) Trotter) monoculture was converted into a rotational
agroforestry system (teff-Acacia agroforestry), which consists of the sequence i) teff-Acacia decurrens intercropping (1st year),
ii) grass-A. decurrens silvopasture (2nd year), iii) A. decurrens plantation (3rd–4th year), and iv) on-site charcoal production from
A. decurrens (end of 4th year). This study is the first one to comprehensively show how the agroforestry system affects soil
organic carbon (SOC) and soil nutrients. Soil samples were collected from the teff-Acacia agroforestry and conventional teff
fields at two different sites (site I and II) and they were used to determine soil pH, black carbon, SOC, soil total nitrogen (STN),
extractable phosphorus (P), potassium (K), magnesium (Mg), sodium (Na), and calcium (Ca) contents. At site I (0–10 cm soil
depth), charcoal production spots in teff-Acacia agroforestry had higher soil pH (20%), black carbon (164%), SOC (48%), P
(687%), and K (788%) contents compared to outside charcoal production spots. Soil organic carbon and STN contents in the 1st

and 2nd teff-Acacia agroforestry rotations were significantly higher (SOC: 112–169%, STN: 100–131%) than teff fields. At site
II, SOC stocks (0–100 cm) in the 1st agroforestry rotation were not significantly different from teff fields. However, they were
159% and 244% greater in the 2nd and 3rd agroforestry rotations, respectively, compared to teff fields. Conversion of teff fields to
teff-Acacia agroforestry for a 12-year period increased SOC stocks by 21 Mg C ha–1 per year. Our results demonstrated that
locally adopted agroforestry practices can increase SOC and nutrients in the long term, thereby contributing to enhanced soil
fertility and improved climate change mitigation strategies via carbon sequestration.
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1 Introduction

Agroforestry is any practice that purposefully integrates trees
and shrubs into crop and animal farming systems (Jose et al.
2012). It improves various ecosystem services such as in-
creased food production, improved soil fertility, and enhanced
carbon sequestration and mitigation of greenhouse gas (GHG)

emissions (Muchane et al. 2020; Corbeels et al. 2019).
Various studies reported that agroforestry increases soil C
and N (Muchane et al. 2020; Kuyah et al. 2019). In agrofor-
estry systems, soil C and N originate from external inputs of
organic matter (e.g., compost, manure) and inorganic fertiliz-
er, and the internal cycling of C and N (e.g., nitrogen fixation,
leaf litter, dead roots, nodules, and microbial necromass)
(Muchane et al. 2020; Zhu et al. 2020; Corbeels et al. 2019;
Isaac and Borden 2019). Most soil C and N are found in
organic form as part of soil organic matter (SOM) (Weil and
Brady 2017), and SOM protection inside aggregates is an
important mechanism for C and N storage in soil (Muchane
et al. 2020; Fonte et al. 2010). Global meta-analyses revealed
that soil C sequestration rates in agroforestry systems ranged
from 1.4 to 2.2 Mg C ha−1 yr−1 (Feliciano et al. 2018; Kim
et al. 2016a). The annual SOC sequestration in agroforestry
systems in sub-Saharan Africa (SSA) has been documented to
amount up to 14 Mg C ha–1 yr–1 (0−100 cm; Corbeels et al.
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2019). A global meta-analysis (Muchane et al. 2020) revealed
that soil N stocks under agroforestry were 46% higher than in
crop monocultures in the humid and sub-humid tropics. A
meta-analysis of SSA studies (Kuyah et al. 2019) found that
agroforestry increased soil N by 20%. In addition, various
studies showed that agroforestry practices increase crop
yields, which were attributed to various factors including im-
proved soil C and N (Kuyah et al. 2019; Akinnifesi et al.
2010). A meta-analysis of field studies conducted in SSA
(Sileshi et al. 2008) revealed that agroforestry increased maize
yields by 89–318%. These results suggest that agroforestry
could make a strong contribution to increasing soil C and N,
which would potentially enhance food security and carbon
sequestration.

The effect of biochar application on SOC in agro-
ecosystems has been studied globally (Wang et al. 2020; Bai
et al. 2019; Majumder et al. 2019). The studies commonly
observed an increase in stabilized SOC (Wang et al. 2020;
Bai et al. 2019). Global meta-analyses found that biochar
amendment increased SOC content by 40% Schmidt et al.
2021; Bai et al. 2019; Liu et al. 2016). The increased SOC
content could be mainly attributed to the high C content of
biochar and its prevailing polycondensed aromatic structure
(Glaser et al. 1998), which makes it more resistant to micro-
bial degradation (Wang et al. 2016; Lorenz and Lal 2014). In
addition, biochar amendment results in an increase in soil pH
due to its alkaline nature and high pH buffering capacity
(Kavitha et al. 2018; Dai et al. 2017) and overall positive
effects on soil N and P availability (Ahmad et al. 2021;
Glaser and Lehr 2019). In various regions (e.g., Amazon,
Asia, and Africa), traditional charcoal production spots (e.g.,
traditional earth mound kilns) showed significantly higher soil
C and nutrient contents compared to spots outside charcoal
production (Coomes and Miltner 2017; Miltner and Coomes
2015). Amendment of charcoal debris increased soil pH, soil
C, and nutrient contents (Berihun et al. 2017; Bayabil et al.
2015). These findings are in line with our understanding of the
effect of biochar on soil properties and its mechanism
(Kavitha et al. 2018; Dai et al. 2017).

In northwestern Ethiopia, local farmers have been
converting conventional teff (Eragrostis tef (Zucc.) Trotter)
fields to a unique, locally adopted agroforestry practice
(Nigussie et al. 2017, 2020; Berihun et al. 2019), consisting
of a sequence of i) teff—Acacia decurrens intercropping (year
1), ii) grass—A. decurrens silvopasture (year 2), iii)
A. decurrens plantation (year 3 and 4), and iv) charcoal pro-
duction from A. decurrens after 4 years and ploughing fields
with the remaining charcoal debris for the next rotation,
starting again with teff—A. decurrens intercropping (Fig. 1).
Since soil in the area is degraded and acidic, local farmers do
not obtain sufficient crop yield (Nigussie et al. 2017). To
resolve this issue, they fallowed their land by planting
A. decurrens and adopted the agroforestry practice (Nigussie

et al. 2017, 2021; Wondie and Mekuria 2018). Local farmers
selected A. decurrens since they can harvest the trees after a
short period of 4 years and produce charcoal of high quality,
which can be a source of energy or alternative income gener-
ation (Nigussie et al. 2020, 2021; Abeje et al. 2019). The new
practice has been quickly transferred to nearby areas (Wondie
and Mekuria 2018; Nigussie et al. 2017).

It is not uncommon for trees (e.g., Acacia abyssinica,
Acacia tortilis, Acacia polyacantha, Acacia senegal, Acacia
seyal, and Faidherbia albida) to be integrated into agricultural
practices in Ethiopia. Previous studies identified various ad-
vantages and potentials of this practice for enhancing soil
fertility and SOC sequestration (Terefe and Kim 2020;
Birhane et al. 2019). However, how the sequential practices
of different agroforestry elements in northwestern Ethiopia
affect SOC and soil nutrient has not been well understood
yet. Therefore, the main objectives of this study were to assess
the effect of the sequential agroforestry practices on soil nu-
trients and SOC and to identify the potential of agroforestry

2 Material and methods

2.1 General description of the study area

The study was conducted in Gafera kebele (the smallest admin-
istrative unit in Ethiopia) of Feggta Lekoma District, Awi Zone
of Amhara Regional State, northwestern Ethiopia. The major
soil type in the study area is a Nitisol (Elias 2016). Mean annual
temperature and rainfall are 24.0 ± 2.0 °C and 1700 mm, re-
spectively (Belayneh et al. 2020; Wondie and Mekuria 2018).
The rainfall pattern of the area is bimodal, consisting of a short
rainy season from mid-March to the end of May and a long
rainy season from June to September/October. In the study area,
main agricultural practices are continuous teff cropping and
locally adopted agroforestry practice: sequential practice of
teff—A. decurrens intercropping, grass—A. decurrens
silvopasture, A. decurrens plantation and on-site charcoal pro-
duction (hereafter teff-Acacia agroforestry) (Fig. 1). The differ-
ent practices are described in the following.

2.1.1 Conventional teff cropping

In the study area, teff fields are tilled by horses at least four
times to a depth of 15 to 20 cm fromApril to end ofMay/early
June to smooth the land. Cattle manure (10–11 Mg ha–1) is
spread before the fourth tilling, which starts 7 days after the
third. During the fourth tilling, any weeds are removed from
the field and the seedbed is prepared. Seven days after the
fourth tilling, the field is trampled by cattle and horses before
teff is sown. Di-ammonium phosphate (DAP) (50 kg ha–1;
equivalent to 9 kg N ha–1 and 23 kg P ha–1) is then applied.
Teff is harvestedmanually in October/November and threshed
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in December/January. The teff residues are transported to
farms and used as animal feed or as mud house construction
material. Livestock is allowed to enter the fields for grazing
after teff is harvested.

2.1.2 Sequential practice of teff—acacia agroforestry

In the 1st year of teff-Acacia agroforestry, teff is cultivated as
described above, but cattle manure and synthetic fertilizer are
not applied. A. decurrens trees are planted by using seedlings
with a spacing of 50 cm × 75 cm immediately after teff is
sown. Teff is harvested in October/November (teff—
A. decurrens intercropping period). After harvesting until the
end of the 2nd year, local farmers let grasses grow beside
A. decurrens (grass—A. decurrens silvopasture period).
They cut and remove the grass for sale or to feed their own
livestock. In the 3rd and 4th year, A. decurrens trees continu-
ously grow without teff and grass cultivation (A. decurrens
plantation period). At the end of the 4th year, the trees are
harvested manually, and large roots are removed from the soil
and brought to the boundary of the field. The harvested trees
are de-branched and cut in pieces of approximately 30–50 cm
length. The prepared A. decurrens logs are piled to heaps on
the ground and covered with a small amount of teff straw and
soil (thickness of 5–10 cm) for charcoal production (tradition-
al earth-mound kilns in the area). Charcoal production spots
are distributed throughout the fields (15 to 25 of charcoal
production spots per hectare). The smoldering of
A. decurrens logs is finished after 3 to 5 days (depending on

the moisture content of the logs). The soil is then removed to
retrieve the charcoal. After production of charcoal, around
8 kg of charcoal debris remains per charcoal production spot
within a circle of about 3 m diameter. The charcoal debris is
then incorporated into the soil (around 11 Mg ha-1 within the
charcoal production spot) during tilling for the next teff–
A. decurrens intercropping period of the teff-Acacia agrofor-
estry rotation system.

2.2 Study sites and soil sampling

For this study, two different study sites (hereafter site I and site
II) were selected. The sites and soil samplings are described
below. Unless indicated otherwise, all results are given for 0–
10 cm soil depth.

2.2.1 Site I

Study site I consisted of adjacently located conventional
monoculture teff fields and teff-Acacia agroforestry fields of
the 1st and 2nd rotation (11°05'19.9 " – 11°05' 24.9" N,
36°53'15.9" – 36°53' 24.9" E; elevation 2433–2435 m a. m.
s. l.). Two different campaigns were conducted for 1) compar-
ison of soil properties inside and outside charcoal production
spots in teff-Acacia agroforestry fields, and 2) comparison of
soil properties between teff monocropping and teff-Acacia
agroforestry fields.

Teff -Acacia decurrens
intercropping

(1st year)

Grass -Acacia decurrens
Silvopasture
(2nd year)

Charcoal
production out of
Acacia decurrens
(end of 4th year)

Acacia decurrens
Plantation

(3rd&4th year)

Fig. 1 Timeline of teff-Acacia
agroforestry including teff–
A. decurrens intercropping,
grass–A. decurrens silvopasture,
A. decurrens plantation, and on-
site charcoal production.
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1) Comparison of soil properties inside and outside charcoal
production spots in teff-Acacia agroforestry

Three soil sampling spots were randomly selected and soil
samples were collected inside and outside charcoal production
spots in the 1st rotation of the teff-Acacia agroforestry system,
where charcoal had been produced from harvested
A. decurrens (4 years after conversion). The collected soil
samples were analyzed for soil pH, black carbon, and total
P, K, Mg, Na, Ca, SOC, and STN contents.

2) Comparison of soil properties between teff and teff-
Acacia agroforestry fields

Three soil sampling spots were randomly selected, and
intact soil cores (0–10 cm depth and 7.2 cm diameter) were
collected in each teff field and each teff-Acacia agroforestry
field after the 1st rotation (after harvestingA. decurrens 4 years
since conversion) and after the 2nd rotation (after harvesting
A. decurrens at the beginning of the 9th year since conversion)
field. The collected soil samples were analyzed for soil pH and
total P, K, Mg, Na, Ca, SOC, and STN contents.

2.2.2 Site II

The study site II (11° 03' 29" to 11° 04' 01" N, 36° 54' 15" to
36° 57' 47" E; 2466 to 2525 m a. s. l.) consisted of adjacently
located conventional teff monoculture fields and teff-Acacia
agroforestry fields of the 1st, 2nd, and 3rd rotation (4, 8, and 12
years after conversion from teff monocropping fields). Soil
texture, soil pH, bulk density, and SOC contents and stocks
(0–10, 10–20, 20–40, 40–60, and 60–100 cm soil depth) were
compared between teff fields and teff-Acacia agroforestry
fields after harvest of teff and A. decurrens, respectively. For
this purpose, soil samples were taken at four randomly select-
ed soil sampling spots in each of the teff and teff-Acacia ag-
roforestry fields. A 100-cm deep soil profile was dug at each
sampling location, and intact soil core samples were collected
with a core sampler (7.2 cm diameter, 10 cm height) at inter-
vals of 10 cm along the whole 100 cm soil profile. Intact soil
cores were used to determine soil bulk density. Extra soil
samples were collected in the layers of 0–10, 10–20, 20–40,
40–60, and 60–100 cm and were analyzed for soil texture, soil
pH, SOC contents, and stocks.

2.3 Soil analysis and calculations

Soil bulk density was determined by dividing oven-dry soil
mass (dried at 105 °C for 72 hours) by the volume of soil cores
(Grossman and Reinsch 2002). Soil subsamples were pre-
pared by air-drying, crushing and thorough mixing. They
were then sieved to 2mm. Subsamples were used to determine
soil pH (1:2 soil:H2O) using a pH meter (pH-8414, Wincom

Company Ltd, China) and soil texture with the hydrometric
method (Bouyoucos 1962). SOC content was determinedwith
an elemental analyzer (Helios C/S Analyzer, Eltra GmbH,
Haan, Germany) and STN content was determined with an-
other elemental analyzer (Truspec CN, LECO, St. Joseph, MI,
USA). Extractable P and K were determined with a continu-
ous flow analyzer (Skalar San System, Skalar Analytical B.V.,
Breda, The Netherlands). Extractable Na and extractable Ca
were determined with ICP-OES (725 E S, Agilent
Technologies, Santa Clara, CA, USA) and Mg was deter-
mined with atomic absorption spectroscopy (AAnalyst 400,
PerkinElmer, Waltham, MA, USA). Detailed information on
soil analysis is provided in the Supplementary Information.

SOC stocks (Mg ha−1) for each sampled depth in the
fields were calculated using the following equation (IPCC
2003) (1):

C ¼ z� ρb � c� 1−fragð Þ � 0:1½ � ð1Þ
where C = SOC stocks (Mg ha−1) of a sample depth; z =
thickness of a sample depth (cm); ρb = bulk density (g
cm–3) of natural forest at sample depth; c = SOC content
(g kg–1 soil) of sample depth; frag = % volume of coarse
fragments/100, dimensionless. SOC stocks for the whole
depth 0–100 cm were determined by summing up SOC
stocks of each sample depth.

2.4 Charcoal and black carbon analysis

The pH of A. decurrens-derived charcoal was determined by
treating 1 g of charcoal with 10 ml of distilled water and 1 M
potassium chloride (KCl) solution. The extract was analyzed
with a pH meter (ProfiLine pH/Cond 3320, WTW, Xylem
Analytics, Germany). Total organic carbon (TOC) and total
N of homogenized charcoal samples were measured using a
EURO EA Elemental Analyzer (EuroVector, Hekatech,
Germany) coupled via a Conflo III Interface to an isotope ratio
mass spectrometer (IRMS; Finnigen Delta V Advantage,
Thermo Scientific, Bremen, Germany). Extractable (with cal-
cium acetate/lactate solution) and total P and K of charcoal
were determined with a continuous flow analyzer (Skalar San
System, Skalar Analytical B.V., Breda, The Netherlands).
Black carbon in charcoal was analyzed using benzene
polycarboxylic acid (BPCA) as a molecular marker (Glaser
et al. 1998). During 65% nitric acid oxidation at 170 °C and
high pressure for 8 h, polycondensed aromatic moieties of
charcoal are converted to BPCA. After sample clean-up be-
fore and after this procedure and derivatization, BPCA can be
identified and quantified using gas chromatography and flame
ionization detection. Detailed information on charcoal and
black carbon analysis is provided in the Supplementary
Information.
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2.5 Statistical analysis

The normality of all data distributions was first analyzed
using the Shapiro–Wilk Normality Test (Shapiro and
Wilk 1965). A t-test was used to evaluate the differences
in mean values of soil pH, P, K, Mg, Na, Ca, black car-
bon, SOC, and STN contents and the C:N ratio inside and
outside charcoal production spots in the 1st rotation of the
teff-Acacia agroforestry system at site 1. When the stan-
dard assumptions of normality were violated, a Mann-
Whitney rank sum test (Mann and Whitney 1947) was
used. One-way analysis of variance (ANOVA) was used
to evaluate the difference in mean values of soil pH, bulk
density, sand, silt, and clay contents and stocks of SOC in
teff fields and in fields of the 1st, 2nd, and 3rd rotation of
the teff-Acacia agroforestry system at site 2. For the
ANOVA, violation of assumptions of normal distribution
(Shapiro–Wilk test), homoscedasticity (Durbin–Watson
statistic), and constant variance (Spearman rank correla-
tion) was checked (Motulsky and Christopoulos 2004).
When the assumption was violated, the Kruskal-Wallis
non-parametric analysis (Kruskal and Wallis 1952) was
applied. To determine the relationship between the period
of practicing teff-Acacia agroforestry and SOC stocks,
Pearson correlation analysis was applied. All results were
assessed at a 95% significance level. The statistical anal-
yses were conducted using SigmaPlot Ver. 12.0 (Systat
Software Inc., San Jose, CA, USA).

3 Results

3.1 Characteristics of A. decurrens-derived charcoal

The pH ofA. decurrens-derived charcoal was 7.9 (pHH2O) and
7.6 (pHKCl). The black carbon content of charcoal was 228 ±
3 g kg–1, corresponding to 284 ± 3 g kg–1 TOC, with a dom-
inance of the highly condensed aromatic moieties (47% ben-
zene hexacarboxylic acid, 29% benzene pentacarboxylic acid,
19% benzene tetracarboxylic acids, 6% benzene tricarboxylic
acids). Total N content of charcoal was less than the detection
limit of 2 mgN kg–1. Total and extractable P and K contents of
charcoal were 38 ± 14 and 9.9 ± 0.5 g P kg–1 and 380 ± 60 and
233 ± 4 g K kg–1, respectively.

3.2 Soil carbon and nutrients inside and outside
charcoal production spots in teff-Acacia agroforestry
(Site I)

At 0–10 cm soil depth, soil pH, P, K, black carbon, and SOC
inside charcoal production spots in the 1st rotation of the teff-
Acacia agroforestry system were significantly (all p < 0.05)
higher (20%, 687%, 788%, 164%, and 48%, respectively)

than those outside charcoal production spots (Table 1).
Black carbon composition was comparable in all investigated
soils (33% benzene hexacarboxylic acid, 33% benzene
pentacarboxylic acid, 26% benzene tetracarboxylic acids,
7% benzene tricarboxylic acids). However, the contribution
of highly condensed aromatic moieties was smaller compared
to the pure Acacia charcoal (33% vs. 46% benzene
hexacarboxylic acid). There was no significant difference in
STN, Mg, Na, Ca, and C:N ratio inside and outside charcoal
production spots (Table 1).

3.3 Soil carbon and nutrients in teff fields and teff-
Acacia agroforestry (Site I)

At 0–10 cm soil depth, SOC contents were significantly
higher in the 1st rotation (112% higher) and 2nd rotation of
the teff-Acacia agroforestry system (169% higher) com-
pared to teff monocropping fields (all p < 0.05) (Table 2).
Soil total nitrogen contents were significantly higher in
the 1st rotation (100% higher) and 2nd rotation of the
teff-Acacia agroforestry system (131% higher) compared
to conventional teff fields (all p < 0.05) (Table 2).
However, there was no significant difference in SOC
and STN contents between the 1st and 2nd teff-Acacia
agroforestry rotation (Table 2). Soil pH and P, K, Mg,
Na, and Ca contents were not significantly different
across the sites (Table 2).

Table 1 Soil properties (0–10 cm soil depth) inside and outside
charcoal production spots in the 1st rotation of the teff-Acacia
agroforestry system. Values are shown as mean ± standard error (N=3).
Values for P, K, Mg, Na, and Ca represent extractable contents, while
black carbon, soil organic carbon, and soil total nitrogen represent total
contents. Means followed by the same lower case letter(s) in each row are
not significantly different (p < 0.05). *Difference between inside and
outside charcoal production spot C (%) = (A-B)/B ×100. The difference
C was not calculated when A was not statistically different from B.

Property Inside (A) Outside (B) Difference (C)*

pH 5.5 ± 0.4b 4.6 ± 0.1a 20%

P (mg kg–1) 68.5 ± 14.8b 8.7 ± 0.0a 687%

K (mg kg–1) 589.3 ± 113.7b 66.4 ± 5.0a 788%

Mg (mg kg–1) 151 ± 28a 98 ± 9.0a -

Na (mg kg–1) 26.0 ± 5.2a 11.0 ± 0.2a -

Ca (mg kg–1) 87.7 ± 13.5a 101.6 ± 11.1a -

Black carbon
(g C kg –1)

11.1 ± 0.7 b 4.2 ± 0.1a 164%

Soil organic carbon
(g kg –1)

60.7 ± 5.4b 41.0 ± 1.5a 48%

Soil total nitrogen
(g kg –1)

2.8 ± 0.1a 2.6 ± 0.4a -

C : N ratio 24.3 ± 4.3a 16.8 ± 0.8a -
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3.4 Soil texture, pH, and bulk density in teff fields and
teff-Acacia agroforestry (Site II)

Throughout the whole soil profile (0–100 cm), there was no
significant difference in soil texture fractions (sand, silt and
clay) across the sites (Table 3). Across the sites (0–100 cm),
sand, silt, and clay fractions ranged between 15–40.5, 25.5–
68.5, and 16.5–39%, respectively (Table 3). For sand, the
fractions significantly increased with increasing soil depth in
the 1st and 2nd rotation of the teff-Acacia agroforestry system
and the teff fields (all p < 0.05). For clay, the fractions signif-
icantly increased with increasing soil depth in the 2nd rotation
and the teff fields (all p < 0.05).

At 0–60 cm soil depth, there was no significant difference
in soil pH across the sites (Table 3). At the 60–100 cm soil
depth interval, soil pH was not significantly different between
the teff fields and the 1st and 3rd teff-Acacia agroforestry ro-
tation, whereas soil pH in the 2nd teff-Acacia agroforestry
rotation was significantly lower than in the teff fields (p =
0.021).

At the 0–60 cm soil depth interval, bulk density was not
significantly different across study sites (Table 3). However,
in the 60–100 cm soil layer, bulk density in the 1st teff-Acacia
agroforestry rotation was significantly greater than in the teff
fields (p = 0.013), whereas bulk density in the 3rd teff-Acacia
agroforestry rotation was significantly lower than in the teff
fields (p < 0.0001).

3.5 Soil organic carbon contents and stocks in teff
fields and teff-Acacia agroforestry (Site II)

At 0–100 cm soil depth interval, SOC content was not signif-
icantly different between teff fields and the 1st teff-Acacia
agroforestry rotation (Table 4). In contrast, SOC content in
the 2nd and 3rd teff-Acacia agroforestry rotation was signifi-
cantly higher than in the teff fields (all P < 0.05). At 0–10 cm

soil depth, SOC content was significantly higher in the 2nd

teff-Acacia rotation than in the 1st teff-Acacia rotation, where-
as below this soil depth interval, SOC content was not signif-
icantly different between the 1st and 2nd teff-Acacia rotation.
Across sites, SOC content significantly decreased as soil
depth increased (all p < 0.05) (Table 4).

There was no significant difference in SOC stocks (0–
100 cm soil depth) between teff fields and the 1st teff-Acacia
agroforestry rotation (Table 4). However, SOC stocks in the
2nd rotation teff-Acacia agroforestry and 3rd rotation teff-
Acacia agroforestry were 159% and 244% higher than in the
teff fields, respectively (p < 0.05) (Table 4). SOC stocks were
significantly higher in the 3rd teff-Acacia agroforestry rotation
than in the 1st rotation (p = 0.012) (Table 4). There was a
significant correlation between the duration of practicing
teff-Acacia agroforestry and SOC stocks (p < 0.05), showing
an apparent increase of SOC stocks of 21.1 Mg ha–1 yr–1 over
a period of 12 years (Fig. 2 and 3).

4 Discussion

4.1 Soil characteristics in charcoal production spots in
teff-Acacia agroforestry

In this study, soil pH, black carbon, SOC, and soil P and K
contents were significantly higher inside than outside charcoal
production spots in teff-Acacia agroforestry. Previous studies
have similarly demonstrated that charcoal production spots
had significantly higher soil carbon and nutrient contents com-
pared to outside charcoal production spots in various regions:
Amazon (Coomes and Miltner 2017; Miltner and Coomes
2015), China (Niu et al. 2015), and Ethiopia (Berihun et al.
2017; Bayabil et al. 2015). In southwestern Ethiopia, charcoal
production spots had higher soil pH, SOC and nutrient con-
tents, including N, P, and K, compared to adjacent cultivated

Table 2 Soil properties (0–10 cm
soil depth) in the teff fields and
the 1st and 2nd rotation of the teff-
Acacia agroforestry system.
Values are shown as mean ±
standard error (N=3). Values for
P, K, Mg, Na, and Ca represent
extractable contents, while black
carbon, soil organic carbon, and
soil total nitrogen represent total
contents. Means followed by the
same lower case letter(s) in each
row are not significantly different
(α < 0.05). *Increased rate (%)
compared to teff fields.

Property Teff fields 1st rotation teff-Acacia
agroforestry

2nd rotation teff-Acacia
agroforestry

pH 4.4 ± 0.1a 4.6 ± 0.1a 4.6 ± 0.0a

P (mg kg–1) 13.1 ± 0.0a 8.7 ± 0.0a 8.7 ± 0.0a

K (mg kg–1) 39.0 ± 7.5a 66.4 ± 5.0a 66.4 ± 10.0a

Mg (mg kg–1) 118 ± 8.0a 98 ± 9.0a 134 ± 8.0a

Na (mg kg–1) 11.0 ± 0.6a 11.0 ± 1.2a 17.3 ± 3.5a

Ca (mg kg–1) 113.1 ± 7.6a 101.6 ± 11.1a 117.4 ± 3.6a

Soil organic carbon

(g kg –1)

20.4 ± 1.8a 43.2 ± 5.1b

(112%)*

54.8 ± 5.2b

(169%)*

Soil total nitrogen

(g kg –1)

1.3 ± 0.0a 2.6 ± 0.04b

(100%)*

3.0 ± 0.02b

(131%)*

C : N ratio 16.8 ± 2.1a 16.8 ± 0.8a 18.2 ± 0.8a
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areas (Nigussie and Kissi 2011). In south Ethiopia, application
of charcoal produced in traditional earth mound kilns from
corncobs and Lantana camara increased soil pH, SOC, N, P
and K (Berihun et al. 2017). Global meta-analyses found that
biochar amendment increased SOC content by 40% (Bai et al.
2019; Liu et al. 2016) and resulted in an overall positive effect
of biochar on soil P availability (Glaser and Lehr 2019).

The increased soil pH at charcoal production spots could be
attributed to alkaline elements such as sodium and potassium
derived from ash produced during charring (Glaser et al.
2002). In addition, charcoal is known to increase soil pH
due to its alkaline nature and high pH buffering capacity
(Kavitha et al. 2018; Dai et al. 2017). This is supported by
the observed pH of A. decurrens-derived charcoal of 7.9
(pHH2O) and 7.6 (pHKCl).

The increased SOC content at charcoal production spots
could be mainly attributed to high C content of charcoal and
its prevailing polycondensed aromatic structure (Glaser et al.
1998) making it more resistant to microbial degradation com-
pared to other SOM compounds (Wang et al. 2016; Lorenz
and Lal 2014). In this study, increase of stable black carbon
(164%) was much higher compared to increase of SOC (48%)
in the charcoal production spots (Table 1). This demonstrates
that teff-Acacia agroforestry rotation, which results in in-
creased carbon in the charcoal production spots, is an example
of achieving much more stable SOC compared to other efforts
to increase SOC in the context of long-term C sequestration.
On the other hand, SOM can be burned during charcoal pro-
duction, resulting in the reduction of SOC and STN, since it is
known that fire can affect soil properties including SOC and

Table 3 Soil properties in the teff fields and 1st, 2nd, and 3rd rotation of
the teff-Acacia agroforestry system. Values are shown asmean ± standard
error (N=4). Means followed by the same upper case letter(s) in each row

and/or lower case letter (s) in each column within each soil property are
not significantly different (α < 0.05).

Depth (cm) Teff fields 1st rotation teff-Acacia
agroforestry

2nd rotation teff-Acacia
agroforestry

3rd rotation teff-Acacia
agroforestry

Sand (%)

0–10 31.5 ± 3.4Ab 40.5 ± 2.6Ab 35.5 ± 2.5Ab 38 ± 7.5Aa

10–20 31.5 ± 2.6Ab 36.5 ± 4.6Aab 31.5 ± 1.9Ab 25.5 ± 7.4Aa

20–40 21.5 ± 1.5Aab 26..5 ± 4.4Aab 31.5 ± 3.3Ab 26.5 ± 8.5Aa

40–60 21.5 ± 2.8Aab 22.5 ± 4.7Aab 27.5 ± 5Aab 20.5 ± 2.1Aa

60–100 15 ± 4.8Aa 19 ± 4.1Aa 15 ± 4.4Aa 23 ± 6.3Aa

Clay (%)

0–10 39 ± 7.1Aa 36 ± 4.2Aa 25.5 ± 4.7Aa 37 ± 7.5Aa

10–20 43.5 ± 5.4Aab 37.5 ± 5.1Aa 35 ± 0.6Aab 45.5 ± 11.9Aa

20–40 59.5 ± 1.5Abc 44 ± 9.7Aa 36.5 ± 2.6Aab 44 ± 11.7Aa

40–60 60.5 ± 2.2Abc 48. 5± 9.2Aa 50.5 ± 5.4Ab 49.5 ± 5.6Aa

60–100 68.5 ± 2.8Ac 55.5 ± 0.5Aa 46.5 ± 7.5Ab 42.5 ± 11.2Aa

Silt (%)

0–10 29.5 ± 3.7Aa 23.5 ± 2.2Aa 39 ± 4.2Aa 25 ± 7.3Aa

10–20 25 ± 4.4Aa 26 ± 3.7Aa 33.5 ± 2.2Aa 29 ± 4.8Aa

20–40 16.5 ± 3.5Aa 29.5 ± 7.5Aa 32 ± 1.4Aa 29.5 ± 3.2Aa

40–60 18 ± 4.3Aa 29 ± 14.3Aa 22 ± 14.2Aa 30 ± 7.1Aa

60–100 16.5 ± 4.4Aa 25.5 ± 9Aa 38.5 ± 20.5Aa 34.5 ± 16Aa

Soil pH

0–10 5.52 ± 0.16Aab 5.78 ± 0.27Aa 5.52 ± 0.11Aa 5.69 ± 0.29Aa

10–20 5.94 ± 0.04Ab 5.58 ± 0.19Aa 5.63 ± 0.1Aa 5.55 ± 0.02Aa

20–40 5.31 ± 0.24Aa 5.76 ± 0.17Aa 5.36 ± 0.13Aa 5.61 ± 0.27Aa

40–60 6.05 ± 0.08Ab 5.75 ± 0.19Aa 5.67 ± 0.14Aa 5.81 ± 0.29Aa

60–100 6.04 ± 0.03Bb 5.97 ± 0.15Ba 5.27 ± 0.14Aa 5.82 ± 0.23ABa

Bulk density (g m–3)

0–10 1.09 ± 0.02Ac 1.12 ± 0.02Aa 1.05 ± 0.02Abc 1.01 ± 0.06Aa

10–20 0.86 ± 0.07Aa 1.07 ± 0.05Aa 0.99 ± 0.02Aab 0.89 ± 0.07Aa

20–40 0.92 ± 0.02Aab 1.04 ± 0.03Aa 0.92 ± 0.01Aa 0.98 ± 0.09Aa

40–60 1.02 ± 0.03Abc 1.04 ± 0.03Aa 0.98 ± 0.04Aab 0.88 ± 0.15Aa

60–100 1.04 ± 0.02Bbc 1.16 ± 0.01Ca 1.13 ± 0.04BCc 0.83 ± 0.01Aa
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STN (Poirier et al. 2014; Hamman et al. 2008). However, in
this study, there was no evidence showing decreases of SOC
and STN during charcoal production (Table 1). This is sup-
ported by global meta-analyses of Nave et al. (2011) and
Boerner et al. (2009), who found that fires did not have sig-
nificant overall effects on SOC and STN. Similarly, previous
studies conducted in Ethiopia found that fire did not affect
SOC and STN (Terefe and Kim 2020; Kim et al. 2016b).
However, it should be noted that fire is different from charcoal
production with respect to temperature and oxygen supply.

The increased P and K contents at charcoal production
spots could be attributed to the contribution of charcoal itself
(Glaser et al. 2002). The observed P and K content of

A. decurrens-derived charcoal of 38 and 380 g kg-1, respec-
tively, supports this. Another potential explanation could be
an improvement of nutrient availability in the presence of
charcoal (Glaser and Lehr 2019). Charcoal has the ability to
retain soil nutrients due to its large surface area, high porosity,
and high quantity of functional groups (Kavitha et al. 2018;
Dai et al. 2017).

4.2 Effects of teff-Acacia agroforestry practices on soil
carbon and nitrogen

Practicing teff-Acacia agroforestry following conversion from
conventional teff fields commonly increased SOC and STN.

Table 4 Soil organic carbon (SOC) contents and stocks in the teff fields
and the first, second and third rotation teff-Acacia agroforestry. Values
are shown as mean ± standard error (N=4). Means followed by the same

upper case letter(s) in each row and/or lower case letter (s) in each column
within each soil property are not significantly different (α < 0.05).
*Increased rate (%) compared to teff fields.

Depth (cm) Teff fields 1st rotation teff-Acacia
agroforestry

2nd rotation teff-Acacia
agroforestry

3rd rotation teff-Acacia
agroforestry

SOC content (g kg –1)

0–10 26.9 ± 1.7Ac 28.3 ± 1.4Aa 36.7 ± 2.7Bbc 46.0 ± 0.8Cc

10–20 24.9 ± 3.1Ac 29.9 ± 3.0ABa 38.9 ± 1.7BCc 45.0 ± 0.5Cc

20–40 14.8 ± 2.1Ab 24.9 ± 7.8ABa 40.2 ± 1.3BCc 43.2 ± 0.2Cbc

40–60 8.7 ± 2.1Aab 23.6 ± 7.0ABa 28.8 ± 2.0BCb 40.6 ± 0.6Cab

60–100 3.0 ± 1.3Aa 12.0 ± 3.4ABa 11.9 ± 2.7Ba 38.3 ± 1.0Ca

SOC stocks (Mg ha−1)

0–10 29.3 ± 1.6Ab 31.8 ± 1.7Aa 38.4 ± 2.7Aba 46.4 ± 3Bab

10–20 20.9 ± 2.2Aab 31.5 ± 2.3Aba 38.9 ± 2Ba 40.2 ± 3.5Ba

20–40 27.2 ± 3.5Aab 50.6 ± 15.2Aba 74 ± 2.2Bb 84.7 ± 7.4Bc

40–60 17.7 ± 4.2Aab 49.6 ± 15.4Aba 56.4 ± 3.4ABab 71.7 ± 12.6Bbc

60–100 12.6 ± 5.4Aa 55.8 ± 16.3Ba 70.3 ± 10Bb 126.7 ± 3.8Cd

0–100 107.5 ± 13.7A 219.2 ± 49.7AB 277.9 ± 7.7BC

(158.5 %)*
369.7 ± 20.4C

(243.9 %)*

Apr. 2005 Jan. 2014

Jan. 2017 Dec. 2017

(A) (B)

(C) (D)

Fig. 2 Aerial photos showing
conversion from teff fields to teff-
Acacia agroforestry in
northwestern Ethiopia (Photo
source: Google Earth). A
Conventional teff fields; B 1st

year of teff-Acacia agroforestry;
C 4th year of teff-Acacia
agroforestry before tree
harvesting; D 4th year of teff-
Acacia agroforestry after charcoal
production, black dots in the
fields indicate charcoal
production spots.
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At site I, practicing teff-Acacia agroforestry for 8 years in-
creased SOC and STN contents (0–10 cm) by 112–169%
and 100–131%, respectively. At site II, practicing teff-
Acacia agroforestry for 12 years increased SOC stocks (0–
100 cm) by 244%, with an increase rate of 21.1 Mg C ha–1

yr–1. The SOC increase was higher than results from previous
agroforestry studies investigating changes in SOC stocks after
conversion of crop fields to agroforestry. Global meta-
analyses (Muchane et al. 2020; Feliciano et al. 2018; Kim
and Kirschbaum 2015) and Ethiopian observations (Negash
and Starr 2015; Gelaw et al. 2014) reported 10–40% increase
of SOC stocks after conversion of crop fields to agroforestry.
A global meta-analysis estimated that 7.2 Mg C ha–1 yr–1 can
be sequestered in 14 years following agroforestry establish-
ment (Kim et al. 2016a). Another global meta-analysis found
that crop-tree intercropping and silvopasture can lead to soil
carbon sequestration of 0.8MgC ha−1 yr−1 and 6.5MgC ha−1

yr−1, respectively (Feliciano et al. 2018). SOC sequestration of
agroforestry systems in SSA has been documented to amount
up to 14 Mg C ha–1 yr–1 (0−100 cm; Corbeels et al. 2019).

The STN increase in teff-Acacia agroforestry demonstrated
in this study was also greater than documented in previous
studies. A global meta-analysis found that soil N increased
by 8.7% after the conversion of crop fields to tree–crop
intercropping (Kim et al. 2016a). Another global meta-
analysis (Muchane et al. 2020) revealed that soil N stocks
under agroforestry were 46% higher than crop monocultures

in the humid and sub-humid tropics. A meta-analysis of SSA
studies (Kuyah et al. 2019) found that agroforestry increased
soil N by 20%.

The large increase of SOC and STN of teff-Acacia agro-
forestry in our study may be attributed to the interaction of
various factors: 1) the presence of A. decurrens with input of
aboveground (leaf litter) and belowground (root litter) plant
residues; 2) soil cover with grass and teff, further increasing
the input of plant residues, especially belowground; 3) re-
duced soil disturbance, thereby reducing SOMmineralization;
and 4) input of charcoal debris.

A. decurrens may play an important role in increasing
STN. A. decurrens can fix atmospheric nitrogen through sym-
biosis with gram-negative heterotrophic rhizobacteria, which
provide plant-available nitrogen (ammonium and nitrate) to
legume trees such as Acacia (Molla and Linger 2017;
Brockwell et al. 2005). Previous studies found that biological
nitrogen fixation ofAcacia species reached up to 200 kg N ha–
1 yr–1 (Brockwell et al. 2005). The global average for biolog-
ical nitrogen fixation of agroforestry was 246 kg N ha–1 yr−1,
and biological nitrogen fixation was the highest in improved
fallow, ranging from 300 to 650 kg N ha–1 yr−1 (Nygren et al.
2012). Not only naturally fallen litter from A. decurrens trees,
but also branches, litter, and roots remaining on and in the soil
after harvest of A. decurrens trees may partially decompose in
situ, while the remaining is incorporated into SOM being
composed of SOC and STN (Lal 2004; Li et al. 2012). In

Period since teff-Acacia agroforestry conversion (years)

0 2 4 6 8 10 12 14

Soil organic carbon 

stock (Mg C ha 
-1
)

0

100

200

300

400

Fig. 3 Temporal trend of soil
organic carbon stocks (0−100 cm
soil depth) following conversion
of teff fields to teff-Acacia
agroforestry. Regression line of
soil organic carbon stocks: y=
21.1 x + 116.8, P = 0.007, R2=
0.98.
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northwestern Ethiopia, STN was significantly higher under
A. decurrens trees than in open areas located at a distance of
10 m from the trees (Molla and Linger 2017).

Grasses growing beside A. decurrens trees (grass—
A. decurrens silvopasture periods) may also contribute to in-
creased SOC and STN. The decomposition of grass litter and
roots can introduce organic matter into the soil, resulting in
increased SOC and STN in grasslands (Tian et al. 2018;
Schipper et al. 2017). Global meta-analyses found that soil
C stocks increased by nearly 50% (Kim and Kirschbaum
2015) or 0.30 Mg C ha–1 yr–1 (Deng et al. 2016) after the
conversion from croplands to grasslands. A meta-analysis of
studies conducted in China reported that SOC and soil inor-
ganic N increased by 29% and 24%, respectively, when crop-
lands were converted to grasslands (Tian et al. 2018). The
silvopastoral system has been found to increase SOC
(Feliciano et al. 2018; Seddaiu et al. 2013). A global meta-
analysis by Feliciano et al. (2018) found that the silvopastoral
system sequestered 4.4 Mg C ha−1 yr−1. Similar to grass, teff
residues and teff roots can introduce organic matter into the
soil resulting in increased SOC and STN (Tormena et al.
2017; Turmel et al. 2015).

Reduced soil disturbance in teff-Acacia agroforestry may
result in the reduced losses of SOC and STN relative to losses
observed in conventional teff fields. In conventional teff
cropping in the area, the field is ploughed four times per year
to a depth of 15 to 20 cm and trampled once before sowing
teff. After harvest, cattle enter the field to forage for remaining
crop residues. Soil disturbance caused by ploughing and tram-
pling may enhance rates of oxidation and decomposition of
SOM, resulting in higher losses of SOC and STN compared to
unploughed soil (Yimer and Abdelkadir 2011; Batey 2009).
In contrast, in teff-Acacia agroforestry, soil disturbance only
occurs in the 1st year, with no further soil disturbance in the
following three years: grass is cut and removed and no cattle
are allowed to enter the field. In addition, in the teff-Acacia
agroforestry system, grasses and trees can prevent soil erosion
and runoff by i) slowing runoff and capturing sediments, ii)
reducing wind speeds near the surface, iii) increasing infiltra-
tion by maintaining greater soil porosity, iv) protecting the
surface from raindrop impacts due to their canopy and litter
layer, and v) enhancing soil structural stability through in-
creased belowground organic inputs and increased biological
activity of soil macrofauna (Muchane et al. 2020; Isaac and
Borden 2019; Fonte et al. 2010). For instance, in northeast
Thailand, grass barriers (Vetiveria zizanioides, Brachiaria
ruziziensis) and hedgerow (Leucaena leucocephala) reduced
N losses by runoff, soil loss, and leaching from 55 kg N ha–1

to 37–40 kg N ha–1 (Pansak et al. 2008). A recent meta-
analysis found that agroforestry trees reduced soil erosion
and runoff by 50% and 57%, respectively, compared to crop
monoculture (Muchane et al. 2020).

As discussed above, charcoal debris remaining on the soil
surface after charcoal production may contribute to increased
stable (black carbon) and total SOC. In addition, previous
studies have found that biochar application not only can re-
duce the potential N losses induced by runoff and leaching
(Razzaghi et al. 2020; Borchard et al. 2019), ammonia vola-
tilization (Sha et al. 2019; Taghizadeh-Toosi et al. 2012), and
nitrous oxide (N2O) emission (Borchard et al. 2019; Cayuela
et al. 2014) but also can enhance available N inputs derived
from symbiotic and nonsymbiotic biological nitrogen fixation
(Ahmad et al. 2021; Rondon et al. 2007). Around 8 kg of
charcoal debris remains in the charcoal production spot (di-
ameter of around 3 m), which is equivalent to a charcoal
application rate of 11 Mg ha–1 in the spot. Although the ap-
plication amount is comparable to studies showing significant
increase of SOC, BNF, and STN following biochar applica-
tion (Ahmad et al. 2021; Wang et al. 2020), the charcoal
production spots cover only 1 to 2% of the fields and the
charcoal production occurs every 4 years (equivalent to a
charcoal application rate of 0.01–0.02Mg ha–1 every 4 years).
Therefore, the contribution of charcoal debris to the increase
SOC and STN is by far lower than the contribution of
A. decurrens trees and grasses at least in the 12-year time
frame studied here.

4.3 Agroforestry practice implications for carbon
sequestration and livelihood

The observed increase of SOC and nutrients in teff-Acacia
agroforestry has important implications for enhancing carbon
sequestration and improving livelihoods in smallholder farm-
ing in developing countries.

Locally adopted agroforestry exhibits great potential for
improving soil fertility and carbon sequestration. One of the
barriers for smallholder farmers to improve soil fertility and
carbon sequestration may be the lack of relevant knowledge
and experience in applying appropriate soil management
(Kim et al. 2021; Brown et al. 2018). Technology transfer also
remains a challenge for smallholder farmers in developing
countries since there is generally little institutional capacity
and infrastructure supporting extension programs (Zerssa
et al. 2021; Brown et al. 2018). Although various advantages
and benefits of agroforestry including enhanced soil fertility
and carbon sequestration have been identified (Muchane et al.
2020; Kim and Kirschbaum 2015), there are many barriers to
implementing agroforestry under real-world conditions
(Mbow et al. 2014; Rioux 2012). The current study, however,
shows that locally adopted agroforestry practices can cope
with these issues and increase soil C and nutrients, contribut-
ing to improved soil fertility and carbon sequestration.

Biochar can be produced using locally available feedstocks
and techniques, contributing to enhanced soil carbon and fer-
tility. Biochar has great potential for enhancing soil fertility,
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soil carbon sequestration, and agricultural production, and
mitigating GHG emissions (Jeffery et al. 2016; Glaser and
Birk 2012). However, producing biochar can be a challenge
if biomass for biochar production (e.g., crop residues, bio-
mass, garden wastes) competes with alternative utilization
forms, such as construction materials, animal feed, and nutri-
ent sources for agriculture (Gwenzi et al. 2015; Leach et al.
2012). In addition, biochar production usually requires ad-
vanced equipment and energy supply, which are generally
lacking in developing countries (Gwenzi et al. 2015; Leach
et al. 2012). In these respects, teff-Acacia agroforestry pro-
vides a good example of producing charcoal for energy pur-
poses utilizing locally available biomass and techniques while
simultaneously utilizing charcoal debris as biochar to enhance
soil carbon and fertility.

Diversifying agricultural practices with multiple purposes
and functions rather than mono-purpose practices can be a
good approach to improved soil fertility and livelihood
(Pretty et al. 2018; Waha et al. 2018). While conventional
cropping produces a specific crop continuously, teff-Acacia
agroforestry can produce crop, grass, and charcoal, which are
sources of food, animal feed, energy, and cash income, there-
by contributing to improved livelihood.

4.4 Limitation and suggestions for further studies

In this study, a space-for-time substitution approach was ap-
plied to analyze changes in SOC and soil nutrient contents
following conversion of a conventional teff monoculture to
teff-Acacia agroforestry. To reduce potential uncertainties
caused by this approach, the study was carefully designed
(e.g., adjacently located multiple sites, large number of repli-
cations, same soil type, microclimate, and land-use history).
However, the fundamental limitation of the space-for-time
substitution approach cannot be ignored, as there is always
the potential bias of spatial heterogeneity in the comparison
between adjacent or neighboring fields (Damgaard 2019).
Therefore, to accurately quantify changes in SOC and soil
nutrient contents following the conversion, it is suggested to
apply a real chronosequence approach (i.e., to continuously
monitor changes in SOC and soil nutrient contents after the
conversion in the long term) in further studies.

In this paper, we discussed potential sources and mecha-
nisms of increasing soil carbon and nutrients. Further efforts
are needed to identify or quantify major sources of SOM and
nutrients as well as mechanisms and control factors.

This study found that charcoal debris remaining in the soil
increased soil pH, P, and K contents, but the effects were only
found to be significant at charcoal production spots. The re-
sults suggest that additional charcoal application beyond char-
coal production spots can enhance the benefits. Previous stud-
ies found that mixing biochar with compost, manure, and
urine can improve soil fertility and soil carbon sequestration

(Xiao et al. 2017; Agegnehu et al. 2017; Glaser et al. 2015).
Therefore, it is worthwhile assessing the effect of mixing char-
coal debris with other nutrient sources such as compost, ma-
nure, or urine in agroforestry practices.

As a result of conversion of teff monocropping to teff-
Acacia agroforestry, synthetic fertilizer (e.g., DAP) applica-
tion is reduced since synthetic fertilizer is not applied in agro-
forestry practices. Consequently, N2O emission might also be
reduced. However, previous studies found that N2O emission
increased in agroforestry with N-fixing trees due to their great-
er N supply to the soil (Hall et al. 2006; Chikowo et al. 2004).
The results suggest that agroforestry practices with
A. decurrens may increase N2O emissions. However, biochar
addition is known to significantly reduce N2O emissions (Liu
et al. 2019; He et al. 2017). Therefore, GHG emissions during
the charcoal production process should be accurately deter-
mined, and the result should be accounted for determining
the effect of conversion of teff monocropping to the agrofor-
estry practices on GHG emissions.

5 Conclusions

We investigated locally adopted teff-Acacia agroforestry prac-
tices with sequential A. decurrens-based intercropping,
silvopasture, and A. decurrens plantation with subsequent
on-site charcoal production in northwestern Ethiopia. The re-
sults clearly indicate that charcoal debris remaining in the
fields after charcoal production increased soil pH, black car-
bon, SOC, and soil P and K contents, and that teff-Acacia
agroforestry practices largely increased SOC and STN. The
results suggest that locally adopted teff-Acacia agroforestry
practices increase total and stable SOC and soil nutrients.
This study clearly demonstrates that locally adopted agrofor-
estry practices can contribute to enhancing soil fertility and
improving climate change mitigation strategies via carbon se-
questration. Further studies are required i) to identify major
mechanisms and control factors for the increase of soil carbon
and nutrients, ii) to assess the effect of conversion frommono-
cropping to agroforestry practices on GHG emissions, and iii)
to improve efficiency of charcoal application.
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