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Abstract: Climate-Smart Villages (CSVs) were established by the CGIAR Research Program on Climate
Change, Agriculture and Food Security (CCAFS) in the East African countries of Kenya, Tanzania
and Uganda to test and promote a portfolio of climate-smart agriculture (CSA) practices that have
climate change mitigation potential. This study evaluated the soil carbon sequestration potential of
these CSVs compared to the control land use that did not have CSA practices. At the one-meter depth,
soil carbon stocks increased by 20-70%, 70-86%, and 51-110% in Kenya, Tanzania and Uganda CSVs,
respectively, compared to control. Consequently, CSVs contributed to the reduction of emissions by
87420 Mg CO, eq ha™!. In the topsoil (0-15 cm), CSVs sequestered almost twice more soil carbon
than the control and subsequently emissions were reduced by 42-158 Mg CO, eq ha~! under CSVs.
The annual increase in carbon sequestration under CSVs ranged between 1.6 and 6.2 Mg C ha™! yr~!
and substantially varied between the CSA land use types. The forests sequestered the highest soil
carbon (5-6 Mg C ha™! yr~!), followed by grasslands and croplands. The forest topsoil also had lower
bulk density compared to the control. The findings suggest that CSA practices implemented through
the CSVs approach contribute to climate change mitigation through soil carbon sequestration.

Keywords: Climate-Smart Villages; climate-smart agriculture; carbon sequestration; cropland;
grassland; agroforestry; forest

1. Introduction

Climate change has contributed to reduced agricultural productivity and threatens food security
across the world [1]. Climate models have predicted more frequent and prolonged extreme
weather events such as droughts and floods. These models consider precipitation data available,
and accurate attribution of the causes of drought requires accounting for natural variability, especially
El Nifio/Southern Oscillation effects, owing to the predilection for wetter land during La Nifia events [2].
Climate change has likely hampered food production in East African countries because the agricultural
systems are mainly rainfed and characterized by low inputs such as fertilizers, crop protection chemicals
(herbicides, insecticides, and fungicides) and improved seeds [3,4]. In addition to climate-related
production constraints, soil nutrient depletion is a challenge to food security in the region [5].
Despite its act as a source of GHG emission [6,7], soils play a crucial role in climate change mitigation
through carbon sequestration [8,9]. Soils sequester about two-thirds of the terrestrial carbon and
contain two to three times more carbon than the atmosphere [9,10]. Thus, progressive climate-smart
soil management interventions are needed to enhance agricultural production and ensure food security
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in the changing climate. More specifically, soil fertility management that can enhance climate change
mitigation through soil carbon sequestration is required.

Soils govern the global carbon cycle [11] because a small change in soil carbon pool has a significant
impact on climate change. Soil carbon is however under considerable threat in the sub-Sharan African
countries due to land use change [8]; environmental factors (i.e., moisture and temperature) and land
management practices [12-14]. Most landscapes in Eastern Africa have gone through a transition from
natural rainforest to agricultural fields and/or pasture lands [15]. In Tanzania, for instance, 3.9 million
ha of forest was lost between 2010-2017, and the gross annual deforestation rate reached approximately
600,000 ha yr_l [16]. About 20-50% of soil carbon is therefore lost in the sub-Saharan African countries
due to conversation of natural forests to cropland [17]. Prolonged croplands cultivation also accelerates
soil organic matter decomposition and results 20-67% soil carbon loss [18]. This has necessitated the
development of climate-smart interventions in the region to restore degraded landscapes and mitigate
climate change through soil carbon sequestration [14].

Recently, several climate-smart agriculture (CSA) practices have been promoted as a systematic
approach to ensure soil carbon sequestration and sustainable food production [19,20]. Many studies
have been undertaken to evaluate carbon sequestration potential of different CSA practices, such as soil
conservation [21]; crop rotation [22]; area enclosures [23]; conservation agriculture [24]; and rotational
grazing [25]. Owing to variation between these studies, it is difficult to reach a proven universal
conclusion on the effect of CSA practices on soil carbon sequestration. The CGIAR Research Program
on Climate Change, Agriculture and Food Security (CCAFS) evaluates and promotes a portfolio of
CSA technologies through the Climate-Smart Villages (CSVs) research for development approach [26].
CSVs are clusters of villages which are located across a wide range of agroecological zones with
different farmer typologies, climate risks and vulnerabilities [27]. In East Africa, CCAFS started piloting
CSVs approach in 2012 with six clusters of villages: Lushoto (Tanzania), Wote and Nyando (Kenya),
Hoima and Rakai (Uganda), and Borana (Ethiopia) [3]. However, it is unknown whether these CSVs
have higher climate mitigation potential compared to business-as-usual practices. The objective of this
study was to quantify the impact of improved land use system using CSA practices on soil carbon
sequestration potential of degraded landscapes across CSVs in East African countries. Such studies are
crucial to evaluate the contribution of CSVs in climate change mitigation and improving the livelihoods
of local communities as per the United Nations Framework Convention on Climate Change (UNFCCC).

2. Methods

2.1. The Study Sites

The study was done in CSVs across three East African countries, namely Lushoto CSVs in
Northeastern Tanzania (4°47’24” S and 38°24’36” E, 900-2300 metres above sea level (m.a.s.]), Nyando
CSVs in Western Kenya (0°16’12” S and 35°4’12” E, 1100-2500 m.a.s.l), and Hoima CSVs in Western
Uganda (1°31’48” S and 31°32’24” E, 620-1600 m.a.s.]) (Figure 1). The common vegetation types in the
geographical regions are cultivated crops (staple cereal maize and sorghum in mixtures with legumes
such as beans and cowpeas), forest, grassland, and agroforestry with fruit crops. In Nyando, the mean
annual precipitation is 1200 mm, and annual temperature between 15.6 and 31 °C. In Lushoto, the mean
annual rainfall and temperature are between 900 and 1300 mm and 13.8 and 25.2 °C, respectively.
In Hoima, the average annual rainfall is about 1400 mm with a mean annual temperature between 17.7
and 31.2 °C.
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Figure 1. The Hoima, Nyando, and Lushoto Climate-Smart Villages study sites.

Located in Northeastern Tanzania, the Lushoto district forms part of the Eastern Arc Mountains of
East Africa. Despite its small area, it is considered a global hotspot for biodiversity due to its numerous
micro eco-zones [15]. Maize and beans, both cash and food crops and often intercropped, are the
crops of choice for smallholders. Other crops include coffee, cassava, fruits and vegetables-cabbage,
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carrots, sweet pepper, tomato, and soybean. The Lushoto CSVs soil types vary along the topographic
gradient, progressing from limited and shallow soils (Regosols and Lithic Leptosols) on the peaks,
to more developed soils (Cutanic Acrisols and Ferralic Cambisols) and then to alluvial and wet soils
in the valleys (Mollic Gleyic Fluvisols and Fluvic Gleysols) [28]. Many cultivated soils are degraded,
with low levels of soil organic carbon indicating limited nutrient retention capacity [15] and observed
deficiencies in phosphorus and nitrogen [29]. Nyando CSVs in Western Kenya have a mixed rainfed
crop-livestock farming system that is largely subsistence. Farmers mainly grow maize, sorghum,
beans, cassava and sweet potatoes. They also keep cattle, small ruminants (sheep and goats) as well as
indigenous chicken. The soils in Nyando have varying properties based on elevation. The soils in areas
above 1500 m.a.s.l are mostly Luvic Phaeozems. They are deep, porous, clayey soils, which present
a high erosion hazard. The soils in the lowlands below 1500 m.a.s.] are a complex mix of Planosols,
Vertisols, Cambisols, Fluvisols and Luvisols [30,31]. Generally, soils such as Planosols and Vertisols
present problems of poor drainage while Luvisols and Cambisols have high erosion risk especially
if cultivated on steep slopes [32]. Hoima CSVs in the Albertine Rift basin of Western Uganda has
diverse farming systems that include highland agroforestry, mid-hill coffee/tea, small-scale mixed
farming/commercial to dryland small-scale agriculture/agropastoralism farming along Lake Albert.
The main crops grown include maize, sorghum, millet, cassava, beans, and sweet potatoes. In the
livestock production practices, there is less of cattle but more chicken and pig farming. The soils in
Hoima CSVs are mostly Ferralsols (Oxisols in Soil Taxonomy) that are deeply weathered and red.
There are some Fluvisols on level topography towards the nearby Lake Albert [33].

2.2. Soil Sampling and Preparation

In Hoima, Nyando and Lushoto CSVs, each land use type had six soil profiles that were dug
in random locations within the field in the summer of 2018. Then, soil samples were collected
at three depths of 0-15 cm, 1545 cm, and 45-100 cm in each of the six soil profiles per land use
category. The control constituted of land under cultivation where none of the CSA practices was
implemented. Each of the six control soil profiles per country in Hoima, Nyando, and Lushoto sites
was located as adjacent as possible in the same geographic area of the different CSA land use types for
representativeness and to ensure similar edaphoclimatic conditions. The land uses with CSA practices
since the year 2012 include cropland, agroforestry, grassland, and protected forest land. Cropland
practices had crop rotation and intercropping of maize and beans in areas that had soil and water
conservation measures. The agroforestry practice had specifically maize and bean crops and various
trees like Grevillea robusta, and fruit trees like mangoes. The grassland had natural pasture under
improved management that was either grazed upon directly by cattle in Nyando or used for cut
and carry zero grazing feeding system in Hoima. The Lushoto farming system did not have cattle,
and hence we did not have the grassland land use system for sampling. Accordingly, soil sample
collection was done using the synchronic approach. In this approach, soil carbon stock of a given
field plot or land use at a given time is compared with a land-use under business as usual/control,
representing a reference point (time zero). Undisturbed soil samples were collected from each depth
using a core sampler (2.5 cm diameter) for bulk density determination. The disturbed samples were
also collected from each depth, thoroughly mixed and air-dried. All visible plant materials larger
than 2 mm were removed, and samples were finely grounded and passed through a 2 mm sieve for
determination of soil physicochemical properties.

2.3. Soil Analysis

The soil physicochemical analyses were carried out using procedures described by
Van Reeuwijk [34]. Briefly, the particle size distribution (sand, silt, and clay) was determined
using wet sieving and hydrometer method after removing the soil organic carbon (SOC) by Hydrogen
peroxide (H,O,). Bulk density was determined from the core samples viz drying the undisturbed
samples at 105 °C for 24 h. Soil pH was determined using deionized water at soil to water ratio
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of 1:2 (w/v). As the choice of a method to determine Cation exchange capacity (CEC) is highly pH
dependent, the Ammonium acetate (NH4OAc) method was used for the soils [35]. Total carbon was
analyzed using the flash combustion method. Then, soil carbon stock was calculated using the formula:

Soil carbon stock (Mg ha™!) = soil carbon (%) x bulk density (g/cm3) X (1 = CF) x actual depth (cm)
where, CF is the volumetric fraction of coarse fragments >2 mm (%).

Subsequently, the carbon stock of each soil depth was summed up to quantify the total amount of
carbon sequestered up to 100 cm depth. The conversion of total carbon stock to carbon equivalent
(CO; eg/ha) was made with the assumption that one ton of carbon equals to 3.67 tons of COs.

2.4. Statistical Analyses

To determine climate change mitigation potential of improved land uses, linear mixed model was
used. Replication was considered a random effect whereas improved land uses and control were fixed
effect variables. All ANOVA assumptions were checked prior to data analysis. Shapiro and Levene
tests were used to check the assumptions of normality and homogeneity of variance, respectively.
Cook distance was used to check the outliers. The 5th and 95th percentiles were used to replace the
outliers. If significant differences were found between the improved land uses, Tukey’s range test
(p < 0.05) was used for mean separations. All statistical analyses were performed using the R software
version 3.6.0 and Genstat analysis Software (2015).

3. Results and Discussion

A portfolio of CSA practices has been implemented in East African countries since 2012 [3].
The effect of integrated implementation of these CSA practices on soil carbon sequestration is shown
in Figures 2 and 3. The results reveal that restoration of degraded lands through CSA practices stored
1.3-2.1 times more soil carbon than the control at one-meter soil depth. Similarly, CSVs sequestered
1.4-3 times more soil carbon than the control at the surface soil (0-15 cm) and subsequently the
emissions under CSVs was reduced by 95-158, 42-127, and 86-124 Mg CO, eq ha~! in Uganda (Hoima),
Kenya (Nyando) and Tanzania (Lushoto) sites, respectively. The effectiveness of CSA practices on
soil carbon sequestration was more pronounced at the soil surface. However, in the Ugandan site,
the improved land uses stored more soil carbon (p < 0.05) than control throughout the soil profile
(Figure 2a). Our findings also demonstrated marginal differences in SOC levels between the improved
land uses (Figures 2 and 3). In the Ugandan and Kenyan sites, improved forestlands contained almost
twice more soil carbon than other improved land uses. Similarly, the forestlands and agroforestry
contained 1.2 times more soil carbon than improved croplands at the Tanzanian site. In the following
sections, there is a detailed discussion on how climate change mitigation potential of soils improved
through the portfolio of CSA practices.

3.1. Cropland

The combination of CSA interventions that has been practiced within the croplands include:
(i) terraces coupled with Napier grass (Pennisetum purpureum); (ii) grass strips; (iii) cereal-legumes
rotation; (iv) minimum tillage; and (v) farm yard manure (FYM) application. As a result, improved
croplands sequestered 95%, 117% and 136% more soil carbon than the control in the Uganda, Kenya and
Tanzania sites respectively. Similarly, Hu et al. [36] found a 90% increase in soil carbon content in
croplands due to long-term application of compost and FYM. The effect of CSA practices was more
pronounced at the surface soil, which is expected because many of these practices were implemented
on the surface soil to manage soil fertility.
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Figure 2. Soil organic carbon content in the deep soil profile (0-100 cm). Cropland, agroforestry,
grassland, forest, and control land uses. Error bars show standard error of the mean. NS: non-significant,
#x #% and * indicate significant differences at p < 0.001, p < 0.01, and p < 0.05, respectively.
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Figure 3. Total organic carbon stocks of the surface soil (0-15 cm) (yellow) and throughout the soil
profile (0-100 cm) (green). Cropland, agroforestry, grassland, forest, and control land uses. Error bars
show standard error of the mean. Different letters across the sampling depths indicate significant
differences between the means of carbon stock at p < 0.05.
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The annual increase in soil carbon stocks of the surface soil is estimated to be between 1.6 and
6.2 Mg C ha™! yr~!, which is higher than the rate reported earlier in Sub-Sharan African cropping
systems [24,37]. For example, Powlson et al. [24] found annual soil carbon increase between 0.28
to 0.96 Mg C ha™! yr~! due to conservation agriculture, whereas Zomer et al. [37] predicted annual
carbon increase of 1.1 Mg C ha™! yr~! in many East African cropping systems. In the present study,
the high annual soil carbon sequestration rate is likely to be attributed to a portfolio of CSA practices.
As compared to the control, cropland restoration through a portfolio of CSA practices reduced emissions
by 86, 80 and 115 Mg CO, eq ha™! in the Tanzania, Uganda and Kenya sites respectively. The findings
imply that cropland management should be based on integration of several CSA practices rather than
a one-practice approach to mitigate climate change through soil carbon sequestration. Most of the CSA
interventions alter the plowing depth through continuous application of plant residues and animal
manure. Thus, 25-30% of carbon was observed at the surface soil (0-15 cm) and the impact of CSA
practices tended to decrease with soil depth.

3.2. Grassland

The potential of improved grasslands to sequester carbon compared to the control was studied in
the Ugandan and Kenyan sites because it did not exist in the Tanzanian site. Rotational grazing was
practiced in Kenya, whereas the cut-and-carry system was practiced in Uganda. At a one-meter depth,
the Uganda cut-and-carry grassland management sites stored 80% more soil carbon (p < 0.05) than
the control. Similarly, grassland sites under rotational grazing management in Kenya sequestered
28% more soil carbon than the control, but the effect was marginal (Figure 3). Even though grassland
ecosystems contain substantial amounts of soil organic carbon, the soil carbon stocks are sensitive
to management [38]. The substantial difference between the two grassland systems in terms of
soil carbon stocks also demonstrate the importance of grassland management to mitigate climate
change through carbon sequestration. In agreement with our findings, Sanderman et al. [25] found a
marginal effect of rotational grazing on soil carbon sequestration after 15 years of implementation.
The increase in annual carbon stocks due to improved grassland was 2.2 Mg C ha™! yr~! under
rotational grazing grassland system and 4.9 Mg C ha~! yr~! under cut-and-carry system, which is
comparable to Conant et al. [38] who reported carbon sequestration between 0.1 and 3 Mg C ha™! yr~!
under different improved grasslands. At the global level, Deng et al. [12] reported soil carbon stock
change at the rate of 0.3 Mg C ha™! yr~! in grasslands. The unusually high carbon sequestration rate in
this study is likely to be due to the improved grazing system. As compared to the control, emissions
from grasslands were reduced by 126 and 57 Mg CO, eq ha~! due to the cut-and-carry and rotational
grazing systems respectively.

3.3. Agroforestry

Improved agroforestry practices included several multipurpose leguminous trees and shrubs,
such as Acacia anguistissima, Cajanus cajan, Gliricidia sepium, Leucaena collinsii, Sesbania sesban,
Tephrosia candida and Tephrosia vogelii. In addition, Grevillea robusta and different fruit trees,
mostly Mangifera indica were planted. Accordingly, land management through agroforestry practices
stored 42%, 119%, and 185% more soil carbon in the Kenya, Uganda and Tanzania sites respectively
compared to the control. Implementation of agroforestry practices reduced emissions by 42, 95,
and 119 Mg CO, eq ha™! in these sites in Kenya, Uganda and Tanzania respectively. The annual
increase in soil carbon stocks due to agroforestry practices ranged between 1.6 Mg C ha~! yr~! and
4.7Mg Cha=! yr~1. Agroforestry practices improved climate change mitigation potential of carbon poor
degraded soils through several mechanisms. For instance, intensive management practices, such as litter
incorporation and manure application coupled with soil conservation measures, likely contributed
to the higher soil carbon sequestration in the agroforestry systems. Carbon losses that normally
occur through soil disturbance [39] was controlled by minimum tillage practices in the agroforestry
systems. The root system of multipurpose leguminous trees and shrubs are also responsible for carbon
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input [40], carbon stabilization within soil aggregates [41-43], and reduced erosion [44]. De Stefano
and Jacobson [45] performed a meta-analysis on soil carbon sequestration potential of agroforestry and
found up to a 40% increase in SOC stocks due to the transition from cropland to agroforestry—which
is in accordance with the present study.

3.4. Forest Land

The forest land had been protected from both livestock and human disturbance. At one-meter depth,
forest land sequestered 70%, 110% and 86% more carbon than the control in the Kenya, Uganda
and Tanzania sites respectively. Similarly, the surface soil under forest stored almost twice more
carbon than the control, irrespective of location. Restoration of highly degraded tropical soils
through forest establishment reduced emissions by 127, 158, and 124 Mg CO, eq ha™! in the Kenya,
Uganda, and Tanzania sites respectively. Protected forests increased soil carbon stocks at the rate
of 5-6 Mg C ha ~! yr~!, confirming that forests are more efficient in enhancing the climate change
mitigation capability of degraded soils in the short term (<10 years), as compared to other improved
land uses (i.e. cropland, grassland and/or agroforestry). Similarly, Shi et al. [40] revealed soil organic
carbon accumulation rates of 2 Mg C ha™! yr~! due to conversion of non-forest lands to forest. In the
present study, the forest land was protected from human disturbance; hence, the highest soil carbon
sequestration rate is expected. The contribution of sub-surface soils towards climate change mitigation
through soil carbon sequestration has not been widely studied. In the present study, about 70-75% of
the soil carbon stocks was found below 15 cm depth, irrespective of type of land use and/or locations.
Similarly, a significant amount of soil carbon in the subsoils was reported previously in forest land [46]
and grasslands [47-49]. These findings suggest that sub-surface soils should be considered while
assessing the carbon sequestration potential of CSA practices. The bulk density in the 0-15 cm topsoil
for forest land was lower compared to the control (Figure 4) in the three sites, that is attributed to the
higher levels of organic matter. The soil compaction especially in the control contributed to the high
bulk density levels.
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Figure 4. Bulk density at different soil depths (0-100cm). Cropland, agroforestry, grassland, forest,

and control land uses. Error bars show standard error of the mean. NS: non-significant, ***, **, and *

indicate significant differences at p < 0.001, p < 0.01, and p < 0.05, respectively.
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4. Conclusions

This study provides evidence that land restoration through a portfolio of CSA practices has
the potential to enhance climate change mitigation of highly degraded tropical soils. The annual
increase in soil carbon sequestration due to CSA practices ranged between 1.63 and 6.2 Mg C ha~! yr~!
and varied between the improved land uses across different geographic locations. Generally, in the
seven-year timeframe, improved forestland had the highest potential for soil carbon sequestration
(5-6 Mg C ha ! yr™1), followed by improved grasslands and croplands. The soil carbon sequestration
potential was 2.2 Mg C ha™! yr~! under rotational grazing system and 4.9 Mg C ha™! yr~! under
cut-and-carry system, indicating the possibility of grassland management for climate change mitigation.
The portfolio of CSA practices accounted for the reduction of emissions by 87-420 Mg CO, eq ha™?.
The findings therefore demonstrate the positive role that CSA practices bring into the landscape for
climate change mitigation. In addition, this study can inform policy making processes in the design of
agricultural programs which have mitigation co-benefits. This study was limited to three East African
countries. Further studies are therefore required in other countries to draw a general conclusion on the
climate change mitigation potential of CSA practices through the CSVs approach.
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