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Abstract: While agricultural practices are widely reported to contribute to anthropogenic greenhouse
gas (GHG) emissions, there are only limited measurements available for emission rates in the
monsoon climate of the African continent. We conducted a scoping study to measure nitrous oxide
(N2O-N) and methane (CH4) emission rates from 24 plots constructed on smallholder agricultural
farms along the slope catena of three transects in the sub-humid Anjeni watershed in the Ethiopian
highlands. Greenhouse gas flux samples were collected in 2013, before, towards the end, and after
the rainy monsoon phase. At each location, three plots were installed in groups: two plots grown
with barley (one enriched with charcoal and the other without soil amendment) and lupine was
grown on the third plot without any soil amendment. Preliminary study results showed that nitrous
oxide emission rates varied from −275 to 522 µg·m−2·h−1 and methane emissions ranged from −206
to 264 µg·m−2·h−1 with overall means of 51 and 5 µg·m−2·h−1 for N2O-N and CH4, respectively.
Compared with the control, charcoal and lupine plots had elevated nitrous oxide emissions. Plots
amended with charcoal showed on average greater methane uptake than was emitted. While this
study provides insights regarding nitrous oxide and methane emission levels from smallholder farms,
studies of longer durations are needed to verify the results.
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1. Introduction

Existing literature shows that the burning of fossil fuel is responsible for the lion’s share of
the world’s Greenhouse Gas (GHG) (CH4, CO2, and N2O) emissions [1]. In line with this, Africa’s
contribution to global warming is reported to be very small, making Africa accountable for only less
than 3.7% of the global fossil fuel emissions [2]. As a result, the African continent seeks climate funds
to compensate for damages due to global warming due to greenhouse gases primarily emitted by
developed countries [3].

The major source of greenhouse gas emission in Africa comes primarily from land use change,
such as the clearing of forestlands to agricultural uses. Canadell et al. [2] estimated Africa’s share
of global CO2 emission due to land use change at 17% for the period between 2000 and 2005. With
increases in the need for agricultural land due to population pressure, deforestation is severe, especially
in Sub-Saharan Africa [4,5]. Several studies have also shown that the deforestation of tropical forests
contributes a significant proportion of global anthropogenic greenhouse gas emissions [4–6]. However,
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while deforestation is severe in Africa, its contribution of GHG emissions is not well documented, and
spatial and temporal GHG emissions yet remain less understood [7]. Such information is critical in
order to seek effective climate mitigation strategies.

Smith et al. [8] estimated that agriculture contributes 52% to 84% of the world’s combined
anthropogenic methane and nitrous oxide emissions. However, reports also show that agricultural
soils can act both as sources and sinks of greenhouse gasses [8–10], and thus greenhouse gasses
vary greatly both spatially and temporally depending on different factors, e.g., soil, climate, and
landuse [7,11–13].

Biochar or charcoal soil amendments are one of the options recommended for reducing nitrous
oxide emissions from agricultural fields through their effects which control the rates of transformation
and/or release of nitrogen compounds in the soil [14–16]. Cayuela et al. [17] found that biochar
decreased nitrous oxide emissions by up to 54% under field and laboratory conditions, however, they
also reported that the effect of biochar amendments on soil nitrous oxide emissions was dependent
upon feedstock sources used to prepare the biochar and the pyrolysis temperature at which the biochar
was produced.

The effect of biochar on methane emission, however, is not clear. Several studies, for example,
a study by Karhu et al. [18] in Finland with colder temperatures and Zhang et al. [19] on paddy
rice soils in China, observed reduced methane emissions from biochar amended soils. In contrast,
however, increased methane emissions from biochar treated soils have also been reported [15,16].
Several studies in different parts of the world reported that biochar promotes the uptake of methane
resulting in negative fluxes [18,20]. In contrast, however, positive emissions were also reported
by [16,19]. Zhang et al. [19] suggested that while biochar could have an immediate effect on nitrous
oxide emissions, its effect on methane emissions could take longer periods. The production of
N2O in soil is mainly due to microbial activity [7]. Nitrous oxide (N2O) is produced as a result of
nitrification processes particularly in soils with low oxygen levels (reduced conditions) [21] and during
de-nitrification processes during which nitrate is reduced to N2O and N2 under anaerobic conditions.
As a result, nitrous oxide emissions are regulated by soil nitrogen status (organic and inorganic N
sources in the soil) [20]. Moreover, nitrous oxide emissions are reported to increase with increases in
temperature [22].

In the Ethiopian highlands, lupine is commonly used to improve the fertility of less productive
agricultural and marginal lands. However, while legumes are known to increase the soil organic matter
status of degraded soils through nitrogen fixation [23,24], their effect on nitrous oxide and methane
emission needs further investigation. Studies have shown that legumes could increase nitrogen fixation
and nitrous oxide emissions. Yang et al. [25] reported that soils planted with soybean emitted five
times greater nitrous oxide than the control.

Therefore, this scoping study was conducted with a primary objective to assess nitrous oxide
and methane emissions from smallholder agricultural soils with charcoal amendments and lupine, a
deep-rooted leguminous (lupine) plant.

2. Methodology

2.1. Study Site Description

The Anjeni watershed is located in the Ethiopian Highlands at 10◦40′N, 37◦31′E (Figure 1).
The watershed total catchment area is 113 ha, with an elevation between 2407 and 2507 m [26].
Agriculture is the main land use system in the watershed, and most fields have been cultivated
for longer than fifty years [27]. The soils of Anjeni have developed from the basalt and volcanic
ash with major soils comprising Alisols, Nitisols, and Cambisols covering more than 80% of the
watershed [27]. The deep Alisols cover the bottom part of the watershed; moderately deep Nitisols
cover the mid-transitional, gently sloping parts of the watershed, while the shallow Regosols and
Leptosols cover the high, steepest part of the watershed [27].
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Figure 1. Map of the Anjeni watershed in the Northern Ethiopian Highlands (a), with the location of 
downslope transects and runoff plots indicated in (b) and (c) (not to scale) (source: [28]). Dashed 
lines in (c) are elevation contours. Three treatments were applied: barley without soil amendment 
(control) was grown on plots 2, 4, 7, 12, 15, 18, 21, 23; barley with charcoal amendment was grown 
on plots 1, 6, 8, 11, 13, 17, 20, 22; lupine without soil amendment was grown on plots 3, 5, 9, 10, 14, 
16, 19, 24. Soil and spatial attributes of plots are presented in Table 1. 

Table 1. Soil properties of plots with static gas sampling chambers (source: [28]). 

Transect Position Plots 
Elevation Slope Sand Silt Clay OM Pb D 
(m a.s.l.) (%) (%)  (g·cm−3) (m)

One 
Upslope 1, 2, 3 2438 3.0 24.8 35.4 39.8 2.2 1.1 1.15 

Mid-slope 4, 5, 6 2431 2.5 31.7 28.0 40.3 2.1 1.1 1.22 
Down slope 7, 8, 9 2411 1.5 23.6 36.7 39.6 2.2 1.1 >1.3 

Two 
Upslope 10, 11, 12 2461 2.5 23.8 32.2 44.0 2.1 1.1 0.84 

Mid-slope 13, 14, 15 2426 2.0 17.8 39.0 43.2 2.4 1.2 1.09 
Down slope 16, 17, 18 2415 1.0 24.7 36.3 39.0 2.4 1.3 >1.3 

Three Upslope 19, 20, 21 2455 3.0 21.0 37.7 41.4 1.3 1.4 0.33 
Mid-slope 22, 23, 24 2438 2.0 30.6 37.4 32.0 1.4 1.3 0.72 

OM: organic matter; Pb: bulk density; and D: soil depth. 

2.2. Experimental Setup 

This study was conducted in parallel with another study by Bayabil et al. [29] that used the 24 
runoff plots that were laid out in eight replicates (Figure 1c). Each replicate consisted of three 
treatments (barley grown on non-amended soils and charcoal amended soils, and a leguminous 

Figure 1. Map of the Anjeni watershed in the Northern Ethiopian Highlands (a), with the location of
downslope transects and runoff plots indicated in (b) and (c) (not to scale) (source: [28]). Dashed lines
in (c) are elevation contours. Three treatments were applied: barley without soil amendment (control)
was grown on plots 2, 4, 7, 12, 15, 18, 21, 23; barley with charcoal amendment was grown on plots 1, 6,
8, 11, 13, 17, 20, 22; lupine without soil amendment was grown on plots 3, 5, 9, 10, 14, 16, 19, 24. Soil
and spatial attributes of plots are presented in Table 1.

2.2. Experimental Setup

This study was conducted in parallel with another study by Bayabil et al. [29] that used the
24 runoff plots that were laid out in eight replicates (Figure 1c). Each replicate consisted of three
treatments (barley grown on non-amended soils and charcoal amended soils, and a leguminous (lupine)
crop grown on non-amended soil). Static chambers were installed adjacent to 24 runoff plots (15 cm far
from plot boundaries) on fields with the same treatments as the runoff plots. Plots were installed along
three transects that represent different soil degradation levels (Table 1). Detailed information about the
setup of the plots and treatments can be found in Bayabil et al. [29,30]. Twenty-four chambers (one
chamber per plot) were installed immediately after the seeding of the plots.

During the installation of static chambers, we followed the same construction procedure for the
static chambers as by [31,32]. Plastic buckets (19-L volume) were cut in half, and the top part was
carefully installed wide end down (5 cm below ground) using a handheld hoe (Figure 2). A removable
second plastic bucket (19-L volume) fitted with sampling and vent ports and rubber bottle septum
(easily penetrable by sampling syringes) was used as a top cover during the extraction of gas samples.
To ensure an airtight seal between the chamber installed in the soil and the top cover, a rubber band
was put around the outside part of the static chamber, on which the cover was put at the top. Similar
to the one used by [32], a second septum with an aluminum pipe (5 cm length) was used to maintain
air pressure equilibrium inside the chambers.
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Table 1. Soil properties of plots with static gas sampling chambers (source: [28]).

Transect Position Plots
Elevation Slope Sand Silt Clay OM Pb D

(m a.s.l.) (%) (%) (g·cm−3) (m)

One
Upslope 1, 2, 3 2438 3.0 24.8 35.4 39.8 2.2 1.1 1.15

Mid-slope 4, 5, 6 2431 2.5 31.7 28.0 40.3 2.1 1.1 1.22
Down slope 7, 8, 9 2411 1.5 23.6 36.7 39.6 2.2 1.1 >1.3

Two
Upslope 10, 11, 12 2461 2.5 23.8 32.2 44.0 2.1 1.1 0.84

Mid-slope 13, 14, 15 2426 2.0 17.8 39.0 43.2 2.4 1.2 1.09
Down slope 16, 17, 18 2415 1.0 24.7 36.3 39.0 2.4 1.3 >1.3

Three
Upslope 19, 20, 21 2455 3.0 21.0 37.7 41.4 1.3 1.4 0.33

Mid-slope 22, 23, 24 2438 2.0 30.6 37.4 32.0 1.4 1.3 0.72

OM: organic matter; Pb: bulk density; and D: soil depth.
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2012 and 2013, while gas samples were collected only in 2013. In 2013, only the barley plots were 
tilled (three times between the end of May to the middle of June) and seeded. Lupine seeds were 
sown on untilled plots, which is a more common practice in the area [29]. Also in line with farmer 
practices, all barley plots were fertilized with 100 kg/ha Di-Ammonium Phosphate (DAP; 46% 
nitrogen, 23% phosphorous, and 21% potassium) during seeding (middle of June), and 100 kg/ha of 
Urea was applied one month after sowing. Lupine plots were not fertilized. 

Charcoal was applied on charcoal-amended barley plots, at a fixed rate of 12 ton/ha during 
tillage in 2012 and 2013. Charcoal was prepared from Eucalyptus camaladulensis and manually 
crushed to obtain relatively uniform particle size (2 mm diameter) and then manually incorporated 
on the top 20 cm of the soil (more details can be found in Bayabil et al. [28,30]). 

2.4. Gas Sampling and Flux Calculation 

Field sampling campaigns were conducted in 2013 before, during, and at the end of the rainy 
monsoon phase that lasts from June to September. During each sampling campaign, samples were 
collected from all 24 chambers the same day and sampling lasted usually between 10:00 a.m. to 4:00 
p.m. Basal area and volume of the collar and chamber, when the chamber was deployed in the field, 

Figure 2. Static gas sampling chamber collar installed in the field adjacent to runoff plots (left) and
static chambers with covers on the top ready for gas sampling (right).

2.3. Agronomic Practices on Plots

Charcoal amendments and deep-rooted leguminous crop (lupine) were applied to plots in both
2012 and 2013, while gas samples were collected only in 2013. In 2013, only the barley plots were tilled
(three times between the end of May to the middle of June) and seeded. Lupine seeds were sown on
untilled plots, which is a more common practice in the area [29]. Also in line with farmer practices,
all barley plots were fertilized with 100 kg/ha Di-Ammonium Phosphate (DAP; 46% nitrogen, 23%
phosphorous, and 21% potassium) during seeding (middle of June), and 100 kg/ha of Urea was
applied one month after sowing. Lupine plots were not fertilized.

Charcoal was applied on charcoal-amended barley plots, at a fixed rate of 12 ton/ha during tillage
in 2012 and 2013. Charcoal was prepared from Eucalyptus camaladulensis and manually crushed to
obtain relatively uniform particle size (2 mm diameter) and then manually incorporated on the top
20 cm of the soil (more details can be found in Bayabil et al. [28,30]).

2.4. Gas Sampling and Flux Calculation

Field sampling campaigns were conducted in 2013 before, during, and at the end of the rainy
monsoon phase that lasts from June to September. During each sampling campaign, samples were
collected from all 24 chambers the same day and sampling lasted usually between 10:00 a.m. to
4:00 p.m. Basal area and volume of the collar and chamber, when the chamber was deployed in the
field, were 0.06 m2 and 0.02 m3, respectively. Four samples were extracted from each chamber at
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10 min interval (0, 10, 20, and 30 min). A 15 mL volume syringe was used to extract gas samples from
the static chambers. Samples were then put into 10 mL volume pre-evacuated and air tight sealed glass
vials. Gas samples were then shipped to the USA for laboratory analysis and were analyzed in the soil
and water lab at Cornell University. Concentrations of N2O and CH4 in the samples were determined
using Agilent Technologies (Santa Clara, CA, USA) 6890N gas chromatograph fitted with an ECD
detector, and operated using a 44-slot Agilent 7694 headspace sampler that has a 95% confidence
interval detection limit of ±10.2 µg·N2O-N·m−2·h−1 [31]. Finally, N2O and CH4 fluxes from each
chamber from a given day were computed by calculating the slope of a linear regression model by
fitting concentrations vs. sampling time and using Equation (1) below:

Fg =

(
∆C
∆t

)(
Vc

Ac

)(
MG

VG

)
(1)

where Fg is the nitrous oxide or methane flux in µg·m−2·h−1, ∆C
∆t is the slope of the linear regression

model (by fitting gas concentration vs. sampling time), Vc is the volume of chamber in m3, Ac is the
area of the chamber at the base in m2, MG is the molecular mass of gas (nitrous oxide or methane
in g·mol−1), and Vm is the molar volume of gas (in m3·mol−1) at chamber pressure and temperature.

In addition, soil temperature was measured at 5 cm depth using a Taylor TruTempinstant read
digital thermometer (Taylor Precision Products Inc., Seattle, WA, USA) during the field campaigns.

3. Results and Discussions

3.1. Weather Characteristics

Results based on seven years (1989–1995) of daily weather (rainfall, minimum and maximum air
temperature, and minimum and maximum soil temperature) records show that the watershed receives,
on average, 1610 mm of annual precipitation. However, seasonal rainfall distribution is not uniform;
the rainfall has a unimodal rainfall distribution (Figure 3). On average, minimum and maximum air
temperature ranges between 5–12 and 17–27 ◦C, respectively; while average minimum and maximum
soil temperature at 5 cm depth ranges between 2–12 and 20–34 ◦C, respectively. The monsoon (rainy)
phase lasts for four months (June to September) and, on average, accounts for up to 75% of the annual
precipitation in the watershed; while during the rest of the year rainfall is not common and soils are
excessively dry. Daily rainfall and evaporation records during the 2013 monsoon phase are presented
in Figure B1 in Appendix B.
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Figure 3. Daily air and soil temperature (Tmin: minimum and Tmax: maximum temperature) and
daily rainfall for the Anjeni watershed (based on observations from 1989 to 1995).
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3.2. Nitrous Oxide (N2O-N) Emissions

Nitrous oxide (N2O-N) emissions records ranged between −275 to 522 µg·m−2·h−1 (Figure 4),
with an overall mean of 51 µg·N2O-N·m−2·h−1 (Table 2). While observed results show a large range,
the distribution of overall nitrous oxide flux records from the 24 static chambers shows relatively
normal distribution (Figure 4). In general, overall average nitrous oxide emissions observed from
lupine plots was greater, followed by emissions from charcoal plots (Table 2).
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Figure 4. Distribution of observed nitrous oxide emissions from 24 static chambers based on combined
data from all campaigns in 2013.

Table 2. Summary, range (minimum and maximum) and mean ± standard error of means, of nitrous
oxide (N2O-N) emissions based on combined data from all campaigns.

Transect Elevation

Control Charcoal Lupine

Range Mean (±SE) Range Mean (±SE) Range Mean (±SE)

(µg·m−2·h−1)

Transect 1
Upslope −48.9–51.5 9.3 ± 21.3 20.4–139.8 101.1 ± 27.7 −27.4–135.6 48.9 ± 34

Mid-slope 35.5–212 93.7 ± 41.5 −117.5–41.3 −20.7 ± 34.7 74.3–180.8 127.6 ± 25
Downslope −29.5–188.8 77.7 ± 49.4 −270.9–305.1 33.2 ± 118.1 290.5–307.1 296.5 ± 5.3

Transect 2
Upslope −6.3–126.7 51.9 ± 34 −43.1–6.7 −13.7 ± 12.2 −91.9–165.2 15.5 ± 77.2

Mid-slope −53.3–36.1 −17.8 ± 27.4 26.5–183.3 99.4 ± 45.6 −116.5–193.2 32.8 ± 89.6
Downslope −148.4–56 −30.4 ± 61.1 6.2–522.3 182.1 ± 170.1 38.5–163.7 90.8 ± 37.6

Transect 3
Upslope −179.9–84.6 0.1 ± 60.6 −26.2–114.5 48.4 ± 30.4 −95.1–139.1 18 ± 47.9

Mid-slope −6–118.4 43.2 ± 27.1 −275–70.4 −30.9 ± 81.7 −65–141.8 38.4 ± 54.1

Average 32 ±15.2 43.8 ± 26.3 79.9 ± 22.2

Average nitrous oxide fluxes along the slope catena of three transects showed that N2O-N
emission rates from plots at the downslope position tended to be slightly greater compared to
upslope and mid-slope slope observations (Figure 5). Compared with reports by other studies outside
Ethiopia [7,12,13], nitrous oxide fluxes observed in the humid climate in the Anjeni watershed were
relatively greater. The trend was also the same as observed in the arid region in the savanna fields
of Gambella in Ethiopia by [7]. However, the fluxes measured in our study were almost an order
of magnitude greater than the mean nitrous oxide emission of 5.5 µg·m−2·h−1 in the arid Gambella
region. Contrary to our observations, however, several studies [11,13,25] reported that charcoal did
not reduce nitrous oxide emissions. In addition, it is worth noting that the negative emissions of
nitrous oxide in (Figures 4 and 5, Table 2) are not uncommon, as demonstrated by other studies [6–8].
However, a study in Madagascar [9] did not report negative nitrous oxide emissions.
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Figure 5. Nitrous oxide emissions from plots along the slope catena of three transects based on
combined data from all campaigns.

While soils in the Anjeni watershed are generally degraded with acidic pH, low organic matter
content, high clay content, and shallow depth, as described by Bayabil et al. [28–30], there was no
clear and consistent trend in N2O-N emission rates between transects (Figure 5) regardless of apparent
differences in soil degradation status based on differences in soil depth, organic matter content, and
bulk density between the three transects, as shown in Table 1. Since nitrous oxide emissions are
regulated by nitrification and de-nitrification rates, which in turn are controlled by soil nitrogen
status [11,20,33], our findings demonstrate, in accordance with [11], that elevated fluxes under charcoal
and lupine plots (both with a slowly releasing nitrogen source) are directly related to the degraded
status of the soil with low organic matter contents. Lupine, being a leguminous plant, is expected
to increase organic matter content of degraded soils, which in turn could result in increased nitrous
oxide emissions. Likewise, Kammann et al. [14] argued that biochar could have an immediate effect
on nitrous oxide emissions.

Contrary to the general expectations, the correlation between nitrous oxide emissions with soil
temperature readings at 5 cm depth was not strong (Figure A1a in Appendix A). Nitrous oxide
emissions were negatively correlated with soil temperature from charcoal and lupine plots, while
emissions from control plots showed almost no correlation with soil temperature. This was in
agreement with [12,34] who also found poor correlation with emission rates and soil temperature.
Wang et al. [34] reported that nitrous oxide emissions were not affected by temperature; an increase
in temperature by 1.3 ◦C had no effect on nitrous oxide emission rate. In contrast, however, several
reports suggest that nitrous oxide and methane emissions increase with an increase in soil temperature
and moisture status [20,22,33,35,36]. Smith et al. [22] attributed the increase in nitrous oxide emission
with increase in temperature to an increase in the anaerobic volume fraction of the soil. The authors also
argue that an increase in soil moisture will result in an exponential increase in nitrous oxide emission.

3.3. Methane (CH4) Emissions

Similar to nitrous oxide emissions, measured methane (CH4) emission rates showed great
variation between −206 to 264 µg·m−2·h−1 (Figure 6). Greater differences in average methane
emission were observed between the control and the charcoal plots (Table 3). Charcoal plots
took up more methane from the atmosphere than it emitted, with an overall average emission of
−14 µg·m−2·h−1 (Table 3). Methane emissions from lupine plots were intermediate between the
charcoal and control plots.
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Figure 6. Distribution of observed methane emissions from 24 static chambers installed along the slope
catena in three transects based on combined data from all campaigns.

Table 3. Summary, range (minimum and maximum) and mean ± standard error (SE) of means, of
methane emissions along the slope catena of three transects based on combined data from all campaigns.

Control Charcoal Lupine

Transect Elevation Range Mean ± SE Range Mean ± SE Range Mean ± SE

Transect 1
Upslope −35.1–105.4 34.6 ± 36.5 −13.8–22.5 10.6 ± 8.3 −185.8–42.7 −52.4 ± 48.6

Mid-slope −47.9–62.5 −2.4 ± 25 −92.6–98 −4 ± 40.7 −33.1–103.5 46.2 ± 33.1
Downslope 36.2–172.1 95.7 ± 28.9 −206.7–114.6 −69.3 ± 78 −169–124.7 −18.6 ± 84.9

Transect 2
Upslope −9.8–43.8 15 ± 11.8 −15.4–20.1 3.5 ± 8.1 −40.1–106.5 11.7 ± 47.5

Mid-slope −13.7–24.1 5.9 ± 10.9 −47.1–−9.3 −33.1 ± 12 −45.7–113 22.9 ± 47
Downslope −114.2–20.3 −45.8 ± 38.9 −196.1–19.5 −94.7 ± 62.6 −34.7–16.2 −9.9 ± 14.7

Transect 3
Upslope −35.4–52.3 −2.6 ± 20.6 −9.3–102.8 45.7 ± 22.9 −33.2–174.5 44.7 ± 45

Mid-slope −50.9–264.4 53.9 ± 71.9 −23.1–73.4 4.8 ± 23 −29.5–61.9 0.8 ± 20.8

Average 21.9 ± 13.5 −13.9 ± 14.5 6.3 ± 15.1

While average emissions of the control plots were slightly positive from plots on relatively deeper
soils along Transect 1, there was no consistent trend in methane emissions between the three transects
(Figure 7). Negative emissions of methane (CH4) from charcoal amended plots (Figures 6 and 7, Table 3)
were in agreement with other studies that found increased uptakes of methane due to biochar resulting
in negative fluxes [20]. Well aerated soils act as sinks of methane through microbial oxidation, since
oxidation is primarily controlled by gas diffusivity [22]. Observed uptakes from charcoal amended
plots could be due to increased drainage and thus aeration on charcoal treated soils. In contrast,
however, several previous studies have reported increased methane emissions from biochar amended
soils [8,12–14]. Kammann et al. [14] argued that while biochar could have an immediate effect on
nitrous oxide emissions, its effect on methane emissions could take longer periods. In addition,
Wang et al. [16] observed that low nitrogen fertilization increased methane uptake, suggesting that
observed negative methane fluxes (Figures 6 and 7, Table 3) from this study could also be due to
degraded soil conditions that cover a larger area of the Anjeni watershed (Table 1). Similar findings
were reported where cover crops resulted in a considerable uptake of methane in the Mediterranean
region [37]. Whalen and Reeburgh [38] reported that a combination of high moisture content and low
temperature resulted in the lowest methane oxidation rates.
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Figure 7. Methane emissions from plots along the slope catena of three transects based on combined
data from all campaigns.

Overall, preliminary findings suggest that charcoal could increase methane uptake more
than lupine and untreated control plots. On the other hand, similar to the observed correlation
between nitrous oxide and soil temperature, methane emissions showed a poor correlation with soil
temperatures (Figure A1b in Appendix A). However, methane emissions from lupine plots showed a
better correlation with soil temperatures(r = 0.53, p = 0.003) (Figure A1b in Appendix A).

4. Conclusions

Results from this scoping field study of nitrous oxide (N2O-N) and methane (CH4) emissions
in the sub-humid Anjeni watershed, in the Ethiopian highlands, provide insights about spatial
Greenhouse Gas (GHG) emission rates from smallholder farms with different soil amendments:
charcoal amendment and leguminous lupine crop. We observed both positive and negative fluxes
of nitrous oxide and methane emissions. These confirm that soils act as both sources and sinks of
greenhouse gasses. There was not a consistent variation of nitrous oxide and methane emissions along
the slope catena along the three transects. Nitrous oxide emissions were mostly greater from lupine
plots followed by charcoal amended plots, while methane emissions were mostly negative from lupine
and charcoal treated plots. While this study provides some insights regarding the extent of nitrous
oxide and methane fluxes from smallholder farms, observed fluxes showed greater variability and
thus, detailed studies of longer durations are needed to verify the results.
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Figure A1. Correlation between soil temperature (at 5 cm depth) and nitrous emission with 
correlations values of 0.01, −0.24, and −0.30 for Control, Charcoal, and Lupine treatments, 
respectively (a) and methane −0.05, 0.11, and 0.53 for Control, Charcoal, and Lupine treatments, 
respectively (b) based on combined data from all campaigns. 

Figure A1. Correlation between soil temperature (at 5 cm depth) and nitrous emission with correlations
values of 0.01, −0.24, and −0.30 for Control, Charcoal, and Lupine treatments, respectively (a) and
methane −0.05, 0.11, and 0.53 for Control, Charcoal, and Lupine treatments, respectively (b) based on
combined data from all campaigns.
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Figure B1. Weather characteristics of the Anjeni watershed in 2013. 
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