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Abstract: It is critical to develop technologies that simultaneously improve agricultural production,
offset impacts of climate change, and ensure food security in a changing climate. Within this context,
considerable attention has been given to climate-smart agricultural practices (CSA). This study was
conducted to investigate the effects of integrating different CSA practices on crop production, soil
fertility, and carbon sequestration after being practiced continuously for up to 10 years. The CSA
practices include use of soil and water conservation (SWC) structures combined with biological
measures, hedgerow planting, crop residue management, grazing management, crop rotation, and
perennial crop-based agroforestry systems. The landscapes with CSA interventions were compared
to farmers’ business-as-usual practices (i.e., control). Wheat (Triticum sp.) yield was quantified from
245 households. The results demonstrated that yield was 30–45% higher under CSA practices than the
control (p < 0.05). The total carbon stored at a soil depth of 1 m was three- to seven-fold higher under
CSA landscapes than the control. CSA interventions slightly increased the soil pH and exhibited
2.2–2.6 and 1.7–2.7 times more total nitrogen and plant-available phosphorus content, respectively,
than the control. The time series Normalized Difference Water Index (NDWI) revealed higher soil
moisture content under CSA. The findings illustrated the substantial opportunity of integrating CSA
practices to build climate change resilience of resource-poor farmers through improving crop yield,
reducing nutrient depletion, and mitigating GHG emissions through soil carbon sequestration.

Keywords: climate change; climate-smart agriculture; soil fertility; crop yield; soil carbon; soil
moisture content

1. Introduction

There is a wide scientific consensus that agricultural production is being affected by
extreme weather events such as droughts, heavy rainfalls, and high temperature [1]. In
the last decade, for instance, the agriculture sector shared about 25% of climate change-
associated disasters and losses of around 25 billion USD [2]. In the current climate change
scenario, crop yield is estimated to decrease by 30–82% at the end of the 21st century [3],
and food production is expected to decrease by 1–5% per decade [4]. The negative impact
of climate change on food security is expected to be more severe in low-income countries
where crop production depends entirely on rainfall, and the production systems are charac-
terized by low input in such things as fertilizer, agrochemicals, and improved seeds [5,6]. In
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Africa, climate change is estimated to reduce yield of maize (Zea mays), sorghum (Sorghum
bicolor), and millet (Panicum miliaceum) by 5%, 14.5%, and 9.6%, respectively, at the end
of the 21st century [7]. Similarly, Ramirez-Villegas and Thornton [4] predicted that maize
yield would decrease by ~42 to ~37 million tons per year if climate-smart practices were
not implemented. It is therefore important to develop technologies to curb the adverse
impacts of climate change on food production and to realize the sustainable development
goals, which are aimed at eradicating poverty and hunger by 2030 [8].

Climate-smart agriculture (CSA) has been promoted as a prominent strategy to in-
crease crop production in a changing climate, ensure farmers’ resilience to climate change,
and reduce greenhouse gas emissions [9–11]. Subsequently, several CSA practices have
been identified, and their significance towards addressing food security challenges and mit-
igating climate change is very well documented [10,11]. There are extensive studies on the
benefits of CSA practices, including minimum tillage [12,13], crop residue management [14],
soil and water conservation [15,16], agroforestry [17], and area closure [18]. However, most
of this evidence has mainly been provided by short-term and/or researcher-managed field
experiments, and it is therefore not possible to draw any general conclusions. Quantitative
evidences from landscape-scale studies are required, particularly in Sub-Saharan African
regions, to clarify doubts about the long-term effects of CSA practices on crop yield, soil
quality, and carbon sequestration.

Climate change will likely have small effects on average yields of major crops in
Ethiopia (i.e., maize, wheat, and sorghum) [19] because agronomic conditions for cultiva-
tion of these crops may actually improve in large parts of the country. However, it is also
believed that extreme weather events, such as drought and floods, will have a greater effect
on crop yields. In collaboration with national and international research and development
partners, the government of Ethiopia is implementing several CSA interventions to restore
degraded landscapes and improve farmers’ resilience to climate change. Due to the com-
plex socioeconomic nature of agricultural systems in Sub-Saharan Africa, integrated CSA
approaches have been advocated to optimize the benefits as well as adoption of CSA prac-
tices by smallholder farmers. On this premise, the CGIAR Research Program on Climate
Change, Agriculture and Food Security (CCAFS) implemented integrated CSA practices
in highly degraded landscapes across different developing countries, including Lushoto
(Tanzania), Wote and Nyando (Kenya), Hoima and Rakai (Uganda) [5], and Doyogena
(Ethiopia). The integrated CSA practices in these regions include soil and water conser-
vation measures, grazing management, crop rotation, incorporation of crop residues, and
perennial-crop based agroforestry systems [5,9]. This study therefore aimed at determining
the effect of long-term implementation of integrated CSA interventions on crop yield, soil
fertility, and carbon sequestration. It is hypothesized that CSA practices increase crop yield,
improve soil fertility, and mitigate greenhouse gas (GHG) emissions through soil carbon
sequestration, thereby ensuring adaptation and resilience of smallholder farmers to climate
variability. This study was entirely based on evidence from climate-smart villages (CSVs)
in Southern Ethiopia (Doyogena) which have been established since 2012, but the findings
could be extrapolated to other CSVs in low-income countries.

2. Materials and Methods
2.1. The Study Area

The study was conducted at the Tula-Jana climate-smart landscape in South Ethiopia.
The Tula-Jana climate-smart landscape is located in the Doyogena district (7◦17′–7◦19′ N
latitude and 37◦45′–37◦47′ E longitude), in the Kembata Tembaro zone, Southern Nations,
Nationalities, and Peoples’ Region (SNNPR) of Ethiopia (Figure 1). The mean annual
rainfall of the district ranges from 1000 to 1400 mm. There are two rainfall seasons in
the area: Belg (the short rainy season) from February to April and Meher (the main
rainy season) from June to October. It is a highland with altitude ranging from 2420 to
2740 m asl. The annual temperature ranges from 12 to 20 ◦C. The main economic activity is
characterized by enset (Enset ventricosum) based mixed cereal–livestock farming system.
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Wheat (Triticum sp.), barley (Hordeum vulgare), and faba bean (Vicia faba) are the main crops
grown in the area. Potatoes (Solanum tuberosum), carrots (Daucus carota), and Ethiopian
mustard (Brassica carinata) are the main vegetables grown. Enset (Ensete ventricosum), a
false banana, is grown in almost all homestead households and is an important food source,
particularly during the drought season. The enset-based agroforestry system has been
practiced for generations. Cattle, donkeys, and sheep are the main livestock types kept by
farmers. Most of the households are small-scale subsistence farms with an average land
size of less than one-half hectare.

Figure 1. Location of Tula-Jana landscape, Doyogena District, SNNPR, Ethiopia.

2.2. CSA Practices in the Study Area

The Tula-Jana climate-smart landscape is characterized by a steep slope and thereby
contributes to the high soil erosion rate in the area. To reduce soil erosion and soil nutrient
depletion, a combination of CSA practices has been implemented (Table 1), including phys-
ical soil and water conservation (SWC) structures coupled with Desho grass (Pennisetum
pedicellatum), hedgerow planting, crop-residue incorporation, manure application, crop
rotation, intercropping, cover crops, and restricted grazing systems (i.e., cut-and-carry
system). Tree species such as Erythrina abyssinica, Eucalyptus obliqua, and Juniperus procera
have also been introduced in croplands. The agroforestry system, which involves enset and
vegetables (cabbage, carrot, beetroot, and garlic), has been practiced near the homestead.

2.3. Data Sources

Multiple data collection techniques were employed to determine whether CSA prac-
tices ensured climate change resilience through improving crop yield, reducing soil nutrient
depletion, and sequestering soil carbon. The effect of CSA practices on wheat yield was
measured from 245 farmers through a household (HH) survey. Wheat was selected because
it is the main crop grown in the area. A total of 196 randomly selected farmers from CSA
adopters (i.e., treatment group) and 49 farmers from non-adopters (i.e., control group) were
included in the survey.

Soil samples were collected in April 2018 from croplands at ploughing depth (0–15 cm)
to assess the impact of CSA practices on plant-available nutrient contents. In addition,
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soil samples were collected from CSA-improved croplands, grasslands, forestland, and
agroforestry to estimate the soil carbon stock within 1 m depth (Figure 2). In order to
determine the effect of CSA practices on crop yield and soil fertility with time, grain
yield and soil samples were collected from croplands where CSA interventions were
implemented for (i) 3 years, (ii) 6 years, and (iii) 10 years. The grain yield and soil samples
were also collected from the control farmers’ business-as-usual practice. All soil samples
were collected from three replications and air-dried, mixed thoroughly, passed through a
<2 mm sieve, and stored in a plastic bag prior to laboratory analysis.

Figure 2. The selected soil profiles (a) farmers’ business-as-usual practice (i.e., control), (b) agroforestry, and (c) cropland.

Soil reaction (pH KCl) was determined from a soil-to-solution ratio of 1:2.5 (w/v) [20].
Soil organic carbon (SOC) was analyzed using the Walkley–Black method, total nitrogen
using the Kjeldahl method, phosphorus using the Olsen method, and plant-available
nutrients using Mehlich extraction [21].

The soil carbon (SOC) stock was calculated using the following equation:

Soil carbon stock (Mg ha−1) = soil carbon (%) × bulk density (g/cm3) × (1 - CF) × D (cm) (1)

where CF represents the coarse fraction (%) and D is the actual depth.
The temporal soil moisture change due to CSA practices was determined using satellite

images. The time series Normalized Difference Water Index (NDWI) was used as a proxy
to assess soil moisture stress risk [22–24]. NDWI is derived from the Near-Infrared (NIR)
and Short-Wave Infrared (SWIR) reflectance [25]. NDWI was calculated as

NDWI =
NIR− SWIR
NIR + SWIR

(2)

NDWI values range from −1 (low soil moisture content) to +1 (high soil moisture content).
Satellite images for the years 2010, 2014, and 2017 were downloaded from Landsat 4–5

Thematic Mapper (TM) Level 1 and Landsat 8 to calculate NDWI (Table 2). Two satellite
images were acquired for each year, and the average values were used for the analysis to
have better representative data.
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Table 1. Summary of CSA practices implemented in different land uses across the CSV.

Land Uses CSA Practices Implemented

Cropland Integrated physical and biological SWC measures; crop rotation, improved varieties, intercropping,
restricted grazing, cover crop (at pilot), crop residue, and hedgerow planting

Agroforestry Use of farmyard manure, ash, and household waste; integration of enset, leguminous trees, and
vegetables (carrot, beetroot, and cabbage)

Forest Area enclosure

Grassland Open grazing land shared by the community

Control (BAU) CSA practices were not implemented (i.e., without SWC measures, without open grazing, without
incorporation of crop residues and farmyard manure, and without cover crops)

Table 2. Satellite images accusation information.

Sensor Sensor ID WRS Path and Row No of Bands Pixel Size Year Acquisition Date

Landsat 4–5 TM P 169 r 055 7 30 m × 30 m 2010 16 December 2010
30 January 2010

Landsat 8 OLI-TIRS P 169 r 055 11 30 m × 30 m
2014

2017

11 December 2014
25 January 2014
3 December 2017
17 January 2017

2.4. Data Analyses

The linear mixed model was used to test the effects of CSA practices on soil fertility
indicators and crop yield along a chronosequence, and to compare soil carbon stock under
CSA improved croplands with the different land-use types (i.e., grassland, agroforestry,
and forest). Replication was used as a random factor, whereas duration of CSA intervention
or land-use types were considered as a fixed factor. Mean separation was carried out using
least significant difference (LSD) when significance differences were found between CSA
implementation year-/land-use types. Prior to data analysis, the homogeneity of variance
assumption was checked using Levene’s test, while the Shapiro–Wilk test was used to
check the normality. All the statistical analysis was carried out using R version 3.6.0.

3. Results
3.1. CSA Effects on Soil Fertility and Crop Yield

The soil fertility indicators such as soil organic carbon (SOC), total nitrogen (TN), and
plant-available phosphorus increased (p < 0.05) under CSA compared to the farmers’ usual
practices (Figure 3). The SOC content was 2.8–3.1 times higher under CSA interventions
than the control (Figure 3a). The highest SOC content (35.1 g kg−1) was observed in the
landscapes where CSA practices have been practiced for 10 years. Similarly, CSA exhibited
2.2–2.6 and 1.7–2.7 times more total nitrogen and plant-available phosphorus, respectively,
compared to the control (Figure 3b,c). Although the soils remained slightly acidic, CSA
practices slightly increased soil pH (p < 0.05) (Figure 3f). The Mehlich-extractable sulfur
content and bulk density were higher under croplands improved through CSA practices,
but the effect was marginal (p > 0.05). The NDWI analysis showed that soil moisture
content was increased with time due to the use of integrated CSA interventions (Figure 4).
The soil moisture content increased substantially since 2010, following the implementation
of CSA practices in the area.
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Figure 3. An overview of the change in selected soil fertility indicators under the different years of practicing climate-smart
agriculture (CSA) and the control (i.e., farmers’ business-as-usual practices). (a) Soil organic carbon, (b) total nitrogen,
(c) available phosphorus, (d) sulfur, (e) bulk density, and (f) soil pH. Bars with different letters represent significant
difference at p < 0.05. The error bars indicate standard deviation (n = 3).

Figure 4. Time series soil moisture content distribution curve.
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In accordance with the soil fertility indicators, wheat yield under CSA was increased
by 30–45% compared to the control (p < 0.05). The highest yield was observed under
the landscapes that were improved through CSA practices for 6 years (1.48 t ha−1) and
followed by 3 years (1.45 t ha−1) and 10 years (1.33 t ha−1). The wheat yield under the
control was 1.02 t ha−1 (Figure 5). Both soil fertility indicators and wheat yield did not
differ along a chronosequence of CSA implementation, implying that CSA practices aid
resource-poor farmers to build climate change resilience within a short period of time (i.e.,
three years).

Figure 5. Average wheat yield under the different years of practicing CSA and the control (i.e.,
farmers’ business-as-usual practices). Bars with different letters represent significant difference at
p < 0.05. The error bars indicate standard deviation.

3.2. CSA Effects on Soil Carbon Stocks

Different CSA interventions were implemented across different land-use types (i.e.,
cropland, forestland, and agroforestry) (Table 1), and the SOC stock at a 1 m depth was
compared with the control (i.e., lands without CSA interventions). As compared to the
control, CSA interventions increased SOC stock by 3.2, 4.6, 5, and 6.9 times under forestland,
grassland, cropland, and agroforestry, respectively (Figure 6). The highest SOC stock was
observed under agroforestry (312 Mg C ha−1) and followed by croplands (229 Mg C ha−1),
grassland (209 Mg C ha−1), forestland (145 Mg C ha−1), and the control (45 Mg C ha−1).

Figure 6. Soil carbon stocks within 1 m depth under the different land uses and control (i.e., lands
without CSA interventions). Bars with different letters represent significant difference at p < 0.05.
The error bars indicate standard deviation (n = 3).
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4. Discussion

Moisture stress and nutrient depletion are the main biophysical factors that challenge
smallholder farmers in Sub-Saharan African countries to maximize crop yields [26]. This
study is therefore initiated to investigate whether a package of CSA practices improves
farmers’ resilience to climate change through increasing soil fertility, moisture content,
and crop yield. The findings demonstrated that CSA significantly increased soil moisture
content, soil pH, and nutrient concentration compared with the farmers’ usual practices
(Figures 3 and 4). High nutrient concentration under CSA could be attributed to the addi-
tion of crop residues and farmyard manure, which increase nutrient availability through
mineralization [27]. The NDWI analysis showed that CSA practices increased soil moisture
content by twofold, which is comparable with Adimassu et al. [28], Amare et al. [29], and
Kosmowski [30] who reported a significant and positive contribution of soil conservation
structures against extreme drought events. Owing to high moisture content and nutrient
concentration, the higher wheat yield under CSA-improved cropland compared with the
control is evident (Figure 5). The wheat yield gap in the Sub-Saharan region is estimated to
be 50% [31]. In addition, previous studies suggested that crop yield should be increased
by 25–35% at the end of the 21st century to meet future food demand [3,32]. The Food
and Agriculture Organization (FAO) estimates that total agricultural production should
be increased by 60% to feed the world population [33]. The observed increase in wheat
yield due to CSA interventions (i.e., 30–45%) (Figure 5) has therefore confirmed the signifi-
cant contributions of CSA practices to address the future food insecurity in low-income
countries where climate shock adaptive capacity is weaker. Many smallholder farmers in
the tropics have croplands less than 1 ha [34], and earlier studies showed lower crop yield
under physical soil conservation structures because the structures preoccupy productive
lands [31]. The findings of this study, however, implied that soil physical conservation
structures should be coupled with biological conservation measures and agronomic prac-
tices such as cereal–legume rotation, improved seed varieties, cover crops, and control
grazing to downscale the negative impacts of climate change on crop production and to
assist resource-poor farmers to deal with the current climate change risks. In agreement
with our findings, Branca et al. [35], Adgo et al. [36], Tadele et al. [37], and Mesfin et al. [38]
found 2–6 times more crop yield following implementation of integrated sustainable land-
management practices such as soil and water conservation measures, crop rotation, and
cereal–legumes intercropping. High soil degradation and environmental variables (i.e.,
low rainfall amount) could explain the lower effect of CSA practices on wheat yield in the
present study as compared to the values reported by Branca et al. [35], Adgo et al. [36], and
Tadele et al. [37].

The effects of CSA interventions on soil fertility indicators and crop yield did not
vary along a chronosequence (Figures 3 and 5), suggesting that CSA interventions have
a potential to improve soil fertility and curb the negative impacts of extreme weather
events on food security within a short period of time (i.e., three years). Even though
there was non-significant difference along a chronosequence, the crop yield tended to
decline after 10 years of implementing CSA interventions (Figure 5). It is mainly due to the
mismanagement of soil and water conservation structures by the local communities over
time [39]. Hence, proper management and maintenance is required to ensure sustainable
and long-term benefits of CSA interventions on crop yield and soil fertility.

This study demonstrated the substantial potential of integrating CSA interventions
in mitigating climate change through soil carbon sequestration (Figure 6). SOC stock was
increased by 100–267 Mg C ha−1 under land uses improved through CSA interventions
compared with the control lands where no CSA interventions had been implemented.
Previously, Ambaw et al. [9] evaluated the contribution of CSA portfolio to soil carbon
sequestration under different Eastern African countries and found out that CSA stored
50–95 Mg C ha−1 more SOC than the control, which is comparable with this study. The
slightly higher carbon sequestration in this study than the one reported by Ambaw et al. [9]
could be explained by the following: (i) the farming systems are more intensive in this
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study than those identified by Ambaw et al. [9], and (ii) the CSA interventions have
been practiced for a decade in the present study. Higher SOC stock under CSA is mainly
attributed to carbon input through a combination of different practices, including crop
residue incorporation [40], farmyard manure application [41], minimum tillage [42], and
restricted-grazing which prevents residue removal [43]. Unlike our expectation, SOC stock
was also the lowest under forestland compared to other land-use types. The plantation
forests were established on steep slopes and highly eroded landscapes; hence, the slight
increase in SOC stock is expected in forestlands.

5. Conclusions

This study discussed the impact of integrated CSA practices on soil productivity
indicators and wheat yield, using the Southern Ethiopia climate-smart landscapes as a
case study. The findings showed that soils under CSA practices exhibited almost twice
more total nitrogen and plant-available phosphorus content, respectively, than the farmers’
usual practices. In addition, CSA practices increased soil carbon stock by three- to seven-
fold and wheat yield by 30–45% as compared to business-as-usual practices. However,
there were indications that implied long-term benefits of CSA can only be realized when
adopted technologies are properly managed and maintained over time. There is a need for
inclusive systems and institutional arrangements to be in place to ensure the continual use
of CSA practices.

The findings also clearly demonstrated that different land uses presented different
soil carbon stocking capacities. Even though the perennial-crop based agroforestry system
presented the highest mean soil carbon stock, it would be difficult to conclude that the
farming system should shift entirely to that system, as the existing land uses are essential
for the livelihood of the community as well as the biodiversity of the area. Therefore,
the landscape approach, integrating CSA at the farm-level with other land-use systems,
including agroforestry, grasslands, and forests, needs to be considered to maximize soil
carbon stock and to ensure the overall ecological health of the area. Climate-smart practices,
including cover crops, present a substantial opportunity to further reduce GHG emissions;
therefore, scaling the introduction of multi-purpose cover crops, like vetch and lupin, will
not only benefit the soil fertility but also will contribute considerably to the country’s
nationally determined contributions (NDC).

It is seen from the study that CSA implementation has the ability to build up soil
carbon stocks. Storing carbon in soils has high relevance for Ethiopia’s CRGE strategy as
well as nationally determined contributions because soil is the largest terrestrial carbon
pool. Given this context, the country needs to develop and implement policies that focus
on promoting sustainable agricultural practices such as CSA at a landscape level.
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