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ABSTRACT
NUTRIENT CYCLING ON SMALLHOLDER FARMS IN UGANDA AND MALAWI
By
Alexia Maria Elizabeth Witcombe
Sustaining and enhancing soil organic carbon (SOC) and nitrogen (N) is critical to crop
health and productivity, particularly in the low-input, resource-limited smallholder agriculture
widely found across sub-Saharan Africa (SSA). In the managed environment of the
agroecosystem, farmer practices directly shape soil processes. Farmer surveys and soil and
agronomic analyses conducted in Uganda and Malawi detail and elucidate farmer practices and
their impacts on SOC and N cycling and overall soil health.

In western Uganda, use of fertilizer and external inputs is extremely low, and legume
crops like groundnut provide the main source of N input into soil, making management of
legume residues key to soil N and C gains. A partial N-balance of groundnut fields constructed
from collected field and soils data, farmer responses, and values from the literature, found that
groundnut residues retained on fields could potentially contribute substantial N inputs, but that
burning and removal of groundnut residues in approximately half of the surveyed fields
conferred minimal N contributions. Chi-square analysis revealed a relationship between farmer
perception and valuation of groundnut residues and residue management practices. A
comparison to the uncultivated soils of adjacent Kibale National Park showed that SOC and
total N were lower in groundnut field soils and that groundnut residue management practices

did not have an observed effect. Within the same region in western Uganda, detailed



agronomic surveys and soil sampling were conducted to quantify and map the flow of organic
resources and measure SOC and N within 19 case study farms. Home banana plantations
located directly next to homesteads received the majority of organic inputs and had positive N
balances, while fields further away received few inputs and had negative N balances, even
when cropped to legumes. Despite receiving more inputs, home banana plantations did not
have higher SOC and N, and there was no evidence of a management gradient related to field
distance from the homestead. Farms with greater resource endowments had more organic
resources, but did not fully utilize available resources or have soils with higher SOC or N
compared to farms with less resources, highlighting the heterogeneity of soils across the
landscape, as well as the importance of other factors, such as timing of planting and harvesting,
labor availability, and seed quality.

As in Uganda, smallholder farmers in Malawi intercrop and rotate with legumes. On-
farm, participatory trials established in three agroecological zones in Central Malawi in 2012
provided the opportunity to evaluate impacts of crop diversification on SOC pools within a
“doubled-up” legume rotation system compared to simplified systems. After six years of trial
establishment, SOC was measured in bulk soils, aggregate fractions and in faster cycling C pools
that respond more rapidly to management practices. The groundnut and pigeonpea DLR system
accumulated more SOC than sole pigeonpea or sole groundnut in rotation with maize, and all
legume systems acquired more SOC than continuous maize. Cropping treatment differences
were not seen in bulk SOC or total N, but differences were apparent in SOC pools characterized
by a shorter turnover time. Readily decomposable and biologically active SOC pools are shown

to be early indicators of SOC dynamics and the effects of crop rotation and diversification.
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Introduction

Soil organic carbon (SOC) is a primary indicator of soil health and fertility and key to crop
growth and productivity, particularly within the often low-input, resource-limited smallholder
agroecosystems in sub-Saharan Africa (SSA) (Chivenge et al., 2007; Feller and Beare, 1997). SOC
is @ measurable component of soil organic matter (SOM), which is integral to and strongly
affects soil biological, chemical, and physical properties and processes, including nutrient and
water holding capacity, soil structure, and soil microbial diversity and species composition
(Powlson et al., 2011; Tiessen et al., 1994). Microbial decomposition of above- and
belowground biomass drives the formation of SOM and microbial decomposition of SOM
releases N, P, S, and other essential nutrients for plant growth (Cotrufo et al., 2013). Microbes
act as a filter between inputs and SOC and it is largely microbial products that compose stable
(protected from decomposition) SOM (Cotrufo et al., 2013; Kallenbach et al., 2016).

A recent synthesis of SOC changes in tropical croplands determined that the quantity of
carbon (C) inputs and management practices were two of the main driving factors in SOC
accumulation (Fujisaki et al., 2018). Farmer management influences the quantity and quality of
organic inputs through practices such as crop rotation, intercropping, legume intensification,
residue retention, tillage, and use of organic and mineral fertilizers (Chivenge et al., 2007;
Fujisaki et al., 2018). Increasing agroecosystem plant diversity through intercropping or rotation
can increase both aboveground and belowground NPP and belowground plant C inputs,
potentially creating a feedback loop of increased plant biomass and organic inputs into the soil

and microbial nutrient cycling (Bartelt-Ryser et al., 2005; Jing et al., 2017; Jobbdagy and Jackson,
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2000; Kremen and Miles, 2012; Lange et al., 2015). Belowground root inputs can add more C
than shoots and are thought to play a crucial role in SOC stabilization due to their close
associations with microbes and mineral surfaces and their contributions to soil aggregate
formation (Jastrow, 1996; Kong and Six, 2010; Puget and Drinkwater, 2001; Schmidt et al.,
2011). Crop diversification can boost belowground C inputs through biotic and physical changes
stimulated by the addition of diverse plant root morphologies, root biomass, rhizodeposition,
and root exudates (Kong and Six, 2010; Rasse et al., 2005; Schmidt et al., 2011). The changes
elicited by increased plant diversity influence microbial community composition and growth, in
turn impacting SOC pools and nutrient cycles and crop growth (Soares and Rousk, 2019).

SOC and N are closely linked and organic input and soil N concentrations impact
whether N is taken up and immobilized by microbes or available to plants (Chen et al., 2018). N
is the major limiting nutrient for crop production in SSA, as it is in virtually all cropping systems
around the world (Sanchez et al., 1997). N is removed from soils through crop harvest, leaching,
and other means and is nearly continuously in need of replacement (Giller et al., 1997,
Smithson and Giller, 2002). Crop diversification with legumes has been highly recommended in
SSA because of legumes’ ability to generate N through symbiotic biological N-fixation (BNF)
(Giller, 2001; Snapp et al., 1998). Through BNF, legumes can provide N critical to both healthy
soil functioning and to subsequent crops through N-rich residues, and often legumes are the
only source of N in low-input systems in SSA (Snapp et al., 1998; Giller, 2001). As an alternative
or accompaniment to inorganic fertilizers, intercropped or rotated legumes can conserve soil
nitrogen, breakup pest and disease cycles, and deliver substantial N-rich organic matter. More

plant available N can lead to greater crop productivity and biomass, which in turn can impact



plant C inputs. Legumes grown for soil fertility and soil regeneration purposes such as legume
green manures, leguminous trees, and legume cover crops are preferable to grain or forage
legumes, as a portion of the plant biomass and N fixed by grain or forage legumes is removed
upon harvest (Snapp, Mafongya, and Waddington, 1998). However, grain legumes appeal to
farmers because of their provision of food and income, as well as BNF benefits.

This dissertation explores the effects of smallholder farmer management practices on
organic matter and N inputs and subsequent impacts on SOC and N in Uganda and Malawi.
Detailed analysis of farmer residue management practices, organic resource management, and
the potential for grain legumes to impact SOC and N, contributes important field-scale
knowledge of on-farm practices and addresses gaps in the knowledge of legume effects on SOC

and N and methods to detect those changes.
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Chapter 1 : Estimating the contribution of groundnut residues to soil N and the influence of

farmer management in western Uganda

Abstract

Through symbiotic biological nitrogen fixation (BNF), grain legumes, such as groundnuts,
can enhance soil nitrogen (N) and be an important source of N fertility, as well as a critical
component of human nutrition and food security. Because legumes obtain N from soil N stocks
as well as BNF, legume residues are key to capturing potential N benefits for soils. Here, |
conducted a detailed survey at household and field level within a six-village corridor along the
western boundary of Kibale National Park (KNP) in western Uganda. | focused on groundnut
production and residue management practices and soil organic carbon (SOC) and total N (TN) in
fields managed by 100 different households. | also determined SOC and TN in adjacent
uncultivated KNP soils. | tested for relationships between socioeconomic factors and farmer
groundnut management practices. | calculated a partial N balance and estimated potential N
benefits under three scenarios for groundnut BNF. Within the study area, groundnut residue
management varied greatly with 51% of surveyed farmers retaining residues on fields through
spreading or incorporation, and 49% removing residues, either by transfer to banana groves or
burning. Groundnut population density was relatively high with 43% of fields having greater
than 30 plants m2. However, there was no observed effect of groundnut residue management
practices on SOC, TN, or soil C:N ratios. Compared to uncultivated KNP soils, groundnut fields
had lower mean levels of SOC and TN and wider C:N ratios. These values are consistent with

cultivated soils but comparatively lower than losses previously reported for conversion from



tropical forest to agricultural use. | found that farmer valuation and perception of groundnut
residues were influential factors in residue management practices. Overall, | estimated that
groundnut residues had the potential to contribute to SOC and TN stocks if retained in the field,
but, conversely, removal will result in sizable losses. | find that both environmental and social
contexts must be taken into consideration when recommending legumes for N provisioning

services.

Introduction

Nutrient depletion is a primary factor in soil degradation and low and declining crop
yields across sub-Saharan Africa (SSA) (Stoorvogel and Smaling, 1990; Tully et al., 2015). Among
countries in SSA, Uganda experiences some of the highest rates of land degradation, resulting in
lower agricultural productivity (Nkonya et al., 2005; Stoorvogel and Smaling, 1990; Wortmann
and Kaizzi, 1998). Compared to global averages, inorganic fertilizer use across SSA is very low at
16 kg ha arable land ! year?, and it is extremely low in Uganda at 1.8 kg ha arable land * year™
(World Bank, 2016). Organic inputs are often the main option for smallholder farmers in
Uganda, as inorganic fertilizer accessibility, availability, and affordability is limited (Omamo,
2003). However, resource-limited farmers often find organic fertilizers, such as animal manure
or compost, challenging to obtain or employ, especially at recommended amounts (Nandwa
and Bekunda, 1998). Similarly, farmers face multiple pressures and trade-offs with crop
residues, which in addition to being organic inputs, are frequently used as livestock feed and
cooking fuel, among other purposes (Erenstein et al., 2015; Tittonell et al., 2015; Valbuena et

al., 2015). Nationally, only 15% of Ugandan households reported adding organic or inorganic



fertilizers or pesticides to common beans (Phaseolus vulgaris L.), and only 14% added these
inputs to maize (Zea mays L.) (UBOS, 2013).

Nitrogen (N) is most often the main limiting nutrient for plant growth and crop yields
(Sanchez et al., 1997). In natural ecosystems and low-input cropping systems such as those
found across SSA, legumes can play a vital role in N provisioning. Legumes access N from the
atmosphere via biological N fixation (BNF) to support growth and the production of high
protein grains and N-rich residues (Giller, 2001; Snapp et al., 1998). Legume residues can supply
immediate and short-term N to subsequent crops, as well as contribute to long-term N and soil
fertility by stimulating microbial biomass production, nutrient cycling and maintenance of or
gains in soil organic matter (SOM) (Franke et al., 2018; Kermah et al., 2018; McDonagh et al.,
1993; Promsakha et al., 2005; Srichantawong et al., 2005; Toomsan et al., 1995). Legumes are
therefore widely recommended as an organic N source for low-input, resource-limited
agroecosystems in SSA where they can supply N critical to both healthy soil functioning and
crop production and potentially replenish SOM in degraded soils (Giller, 2001; Snapp et al.,
1998, 2016). Importantly, legumes are also critical for human health, nutrition, and dietary
diversity as a key source of protein, diverse amino acids, micronutrients, dietary fiber, and
phytochemicals (Foyer et al., 2016; Messina, 1999). Indeed, poorer households in SSA rely on
legumes for a large proportion of their dietary protein (Akibode and Maredia, 2012) and
because of their importance, legumes can often be sold for high prices at local and
international markets, generating substantial income for resource-poor households (S. Snapp et
al., 2018). Because of their many potential benefits, legumes are recommended as part of

Integrated Soil Fertility Management (ISFM) and conservation agriculture schemes in SSA with



the ultimate goal of improving soil health, and thus the sustainability and resiliency of low-input
agroecosystems (Thierfelder et al., 2013; Vanlauwe et al., 2015).

Across SSA, farmers grow grain legumes for provision of food and income, in addition to
BNF benefits. The two most widely grown grain legumes in SSA and in Uganda are common
bean and groundnut (Arachis hypogaea L.) (S. Snapp et al., 2018; UBOS, 2014). Because
common bean has been shown to have low rates of BNF, supplying limited amounts of N in
rotation with cereals, | chose to focus on groundnuts. Groundnuts are capable of fixing
substantial amounts of N and have a moderate-to-low harvest index, and so can supply a
relatively high quantity of N in rotation with cereals (Franke et al., 2018; Giller et al., 1997,
Ojiem et al., 2014). Despite N-rich grain removal with harvest, grain legumes with a relatively
low harvest index can deliver substantial N benefits to soil; groundnut residues have been
found to provide up to 139 kg N ha (Ojiem et al., 2014). While N contributions can be
substantial, N credits or gains from legumes are notoriously challenging to determine in the
field (Cadisch et al., 2000; Unkovich and Pate, 2000). Fixation levels and volume of N fixed can
vary dramatically depending on legume variety, agroecological conditions (e.g. site, climate,
weather, soil type and fertility), and management practices (e.g. cropping patterns, fertilization)
(Dakora and Keya, 1997; Mokgehle et al., 2014; Peoples and Craswell, 1992; Wani et al., 1995).
Because legume N fixation is highly variable across cultivar, agroecology, and management,
legume N credits are almost always an estimation of potential legume N contributions. In order
to fully understand the potential for legume N credits on smallholder farms, | need more long-

term data and site and context specific information, including farmer residue management
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practices, which are key to maximizing both N and C contributions of legume residues to soil
(Giller et al., 1997; Kermah et al., 2018; Wani et al., 1995).

Within the full context of an agroecosystem, including soil fertility, climate, and
management practices, nutrient balances that calculate the N inputs and outputs of a farming
system can serve to estimate or quantify legume N benefits (Tully et al., 2015). Nutrient
balances help to highlight the advantages and/or disadvantages of inputs, outputs, and/or
management practices in terms of economic, agricultural, and ecological sustainability
(Haileslassie et al., 2007; Nkonya et al., 2005). In conjunction with nutrient balances,
examination of the relationships among household demographic/socioeconomic characteristics
and management practices can identify the factors driving farmer decision-making and further
contextualize and assess the sustainability of agroecosystems (Ebanyat et al., 2010; Nkonya et
al., 2005). Socioeconomic and demographic factors such as gender of the household head or
crop planner (Mugisa et al., 2015; Nijuki et al., 2008; Tanellari et al., 2014), land tenure (Kassie
et al., 2015; Place and Otsuka, 2002), ethnic group (Kirner, 2010; Naughton-Treves, 1997), and
field distance from the homestead (Tittonell et al., 2005b, 2013; Zingore et al., 2007a) have
been shown to drive farmer practices and affect farmer access to, use, and decisions regarding
resources like residues (Barrett and Bevis, 2015).

Few studies have examined the potential N benefit from grain legumes in SSA while
simultaneously adjusting and accounting for farmer legume management practices. | present a
case study of farm management and residue practices with a focus on groundnuts within
smallholder agroecosystems in western Uganda. | collected soils, GIS, socioeconomic and

agronomic data and estimated three levels of potential N addition via groundnut BNF. My
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objectives were: (1) to chronicle and assess differences in groundnut residue management; (2)
to estimate the potential N benefit from groundnut residues based on their management; (3) to
determine if groundnut residue management impacts SOC and TN; and (4) to explore soil and
socioeconomic factors driving groundnut residue management practices. | hypothesized that
groundnut residue retention had the potential to deliver positive N balances at the field-scale. |
expected TN to be greater and soil C:N to be narrower in fields in which groundnut residues
were consistently retained versus fields in which groundnut residues were continually removed.
Lastly, | predicted that socioeconomic factors previously identified in the literature as drivers of

farmer practices would also be linked to groundnut residue management practices.

Materials and methods

Study area

Research was conducted along the western border of Kibale National Park (KNP) in
Burahya County, Kabarole district, western Uganda (Figure 1.1). KNP and the surrounding area
fall within the Albertine Rift, a biodiversity hotspot that is part of Africa’s Rift Valley (Lepp and
Holland, 2006). KNP received its national park designation in 1993, but it has existed as a forest
preserve since 1932 (Struhsaker, 1997). The park is a remnant of transitional forest isolated
within a densely populated agricultural landscape; in 2006, the population density within 5 km
of the park boundary was estimated to be approximately 300 individuals km (Hartter and
Southworth, 2009). Outside KNP, the hilly landscape is dominated by small-scale agriculture,
tea plantations, grassland, and fuelwood plantations (Chapman and Lambert, 2000; Majaliwa et

al., 2010). Smallholder farms adjacent to the park are impacted by crop raiding by park animals
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and resulting crop losses are fairly common, though it mainly impacts those within 1 km of the
boundary (Hartter, 2010). The main regional cash crops are banana (Musa spp.), tea (Camellia
sinensis L.), coffee (Coffee arabica and Coffee canephora), and maize, but smallholder farmers
grow over 20 species of subsistence crops (Hartter and Southworth, 2009). Kabarole district is
characterized as an area of “high agricultural potential” (de Jager et al., 2004), and
approximately 84% of households engage in crop growing or livestock agriculture (UBOS, 2014).
The district had the highest maize production in the western region (UBOS, 2010). Kabarole
district lies within the Lake Albert Crescent zone, which has good to moderate soils (FAO, 2010).
Related to the high population density, the western region has the smallest average
landholdings at 0.8 ha compared to the national average of 1.1 ha (UBOS, 2010). Limited land
and high population density have led to small landholdings (Hartter & Southworth, 2009).

The study area covered the villages of Kanyawara, Kyakabuzi, Isunga, Iruhuura,
Nyabweya, and Kajumiro, which fall along an approximately 22-km north-south transect along
the edge of the KNP’s western boundary (Figure 1). The study area is located between latitude
0.57°-0.39°N and longitude 30.35°-30.32° E and lies along an elevational gradient north to
south from 1550-1100 m above sea level. The climate is tropical with an average daily
temperature range of 15-23°C (Struhsaker, 1997). Rainfall in the region is bimodal with two
rainy seasons separated by two dry seasons. The first dry season from early December to late
February is followed by a rainy season occurring from approximately early March through mid-
to-late May. A second dry season extends until early September followed by a rainy season
from September through November (Hartter et al., 2012). Planting commences at the start of

each rainy season, allowing for two growing seasons each year. Mean annual rainfall ranges

13



from 1100 to 1700 mm with rainfall decreasing and temperature increasing when moving from
north to south along the elevational gradient (Struhsaker, 1997). Soils are classified as
eutrophic volcanic ash and ferralitic sandy clay loams. Study area soils were previously

established to be inherently medium to highly fertile (Jameson, 1970).

Fort Portal

Kanyawara

Kyakabuzi

Isunga

Nyabweya

Kajumiro

Figure 1.1. Map of study area, with a focus on areas surrounding six villages along the western
border of Kibale National Park in Kabarole district, western Uganda. The inset photo shows a
surveyed field in which groundnut is planted as a ground cover with maize sparsely interplanted
within a hilly terrain, representative of the majority of fields surveyed for this study.

Surveys and data collection

| conducted a survey and soil sampling within the six village areas in July 2015,
coinciding with the final growing stage and harvest of groundnuts and maize (July harvest for
groundnut and July to early August harvest for maize) planted at the start of the first rainy

season (March-April planting for groundnut and February-March for maize). The study

14



comprised 100 households that had actively been growing groundnuts (Kanyawara n=9,
Kyakabuzi n=9, Isunga n=21, Iruhuura n=18, Nyabweya n=16, Kajumiro n=27). All households
were located within approximately 1.6 km of the closest park boundary. Ugandan field
assistants translated survey questions and responses from English into Rutooro and Rukiga, the
respective languages of the resident Batooro and Bakiga ethnic groups. Households within each
village were approached at random and asked if they grew groundnuts and were willing to
participate in a survey. A two-part survey instrument was used: (1) a household socioeconomic
and overall farm survey, which collected information on household demographics, education
level, ownership status and size of agricultural fields, livestock ownership, crop planting and
harvesting dates, crop yields, crop use, income received for specific crops, perceived causes for
declines in crop yields, land management decisions, and resource concerns; and (2) a survey of
farmer management for the farmer-identified primary groundnut field, which provided
information on any and all inputs and outputs into that field, field preparation, any steps taken
or practices used to increase or maintain soil fertility, the field’s cropping history for the two
previous seasons (September 2014-February 2015 and March-August 2014), and detailed
information on all crops grown in the field that season (March-August 2015), including planting
and harvesting dates and methods, yields or expected yields for that season, crop use
(household, saved, or sale), and detailed residue management with reasons for specific
practices. The residue management practices described by respondents were categorized into
four main practices: (1) “remove” included residues removed from the field and transported to
another location, (2) “burn” included residues burned within the field, (3) “spread” comprised

residues that were kept on the field as mulch and spread on the field surface, and (4)
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“incorporate” constituted residues that were retained and buried into the soil. A simple relative
wealth ranking of the study area farms was constructed by assigning a value to assets including
homestead dwelling construction and livestock ownership (“yes” and “no” responses to
whether they owned cattle, pigs, goats, chickens, other) (Hockett and Richardson, 2018); values
were summed and then categorized into “below average”, “average”, and “above average”
based on the interquartile range.

The first part of the survey instrument (the household and whole farm survey) had
previously been implemented with 14 households in July 2013 and eight households in June
2014. | used these prior responses in my analysis. In July 2015, these households participated in
the second part of the survey instrument, the field survey.

The survey was administered at the homestead and at the field. The homestead and the
corresponding field were marked as waypoints on a handheld Garmin GPS 62s unit.
Respondents or a capable household member walked us around or clearly indicated the
perimeter of the groundnut field, which was saved as a track to the GPS unit. The GPS data was
retrieved from each unit and read into ArcGIS 10.4 software. A map of the household locations,
field locations, and field perimeter tracks was created using ArcGIS. | calculated the area within
the perimeter track to determine the size of each surveyed field and determined the Euclidean
distance between the homestead and groundnut field. Fields within 50 m of the homestead
were categorized as “homefields”, and fields further than 50 m were categorized as “outfields”
(Zingore et al., 2007b).

Within each surveyed field, | used quadrats and total plant counts to measure plant

density for groundnut and any other crop present. In each field, | measured the groundnut crop

16



by counting the number of individual plants within four 50 x 50 cm quadrats; the location of
each of the four quadrats was randomly determined along a diagonal field transect. The large
variation in the density of crops interplanted in a groundnut field necessitated different
measurement techniques according to intercrop species and/or field size. Intercrop plant
density was measured either by counting plants within four 50 x 50 cm quadrats (beans) or
three 3 x 3 m quadrats (all other crops except banana and coffee) or by counting the total
number of plants in the field (coffee, banana or intercrops in fields smaller than approximately
0.03 ha). If groundnut or an intercrop had already been fully harvested, | asked respondents to

provide an estimate of the crop density by indicating the plant layout within a quadrat.

Soil sampling and analysis

In each groundnut field, three soil samples were taken at random to a depth of 15 cm
using a 2-inch diameter soil probe and composited to represent each field. | used a set of KNP
reference soils (n=12) collected from uncultivated forest areas (Tiemann, unpublished data)
proximal to each village in the study area as a baseline comparison to groundnut field SOC and
N values. Soils were air-dried in Uganda and shipped to Michigan State University (MSU) in East
Lansing, MI, USA for analysis.

Soil samples were passed through a 2 mm mesh sieve and 5 g placed into 20 ml
scintillation vials to oven-dry at 60°C for 24 hours. Oven-dried soils were ground on a roller mill
and subsamples weighing approximately 20 mg were packed into tins to measure SOC and TN

on an elemental analyzer (ECS 4010, Costech Analytical Technologies, Inc., Valencia, CA, USA).
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Partial N balance

To construct partial N balances, | used the measured plant population density data with
farmer-reported data on groundnut yields and residue management, and published values.
Based on literature values from on-farm experiments conducted in similar agroecological zones
in western Kenya, | assumed that there was approximately 0.7 g N groundnut plant! and that
70% of N was derived from fixation (Ojiem et al., 2007). | calculated crop N and fixed N as:

Crop N (kg ha') = (0.7 g N x groundnut plants ha)/1000 (1)

Fixed N (kg ha?) = Crop N x (%N derived via BNF/100) (2)

As the proportion of N derived from BNF can be highly variable, | conducted a sensitivity
analysis whereby | adjusted the proportion, or what | term the BNF efficiency, to 30% and 50%,
in addition to the 70% scenario. These values for N groundnut plant™? and for the proportion of
N derived via BNF fall within the range of published groundnut N and fixation values for SSA
(Ebanyat et al., 2010; Franke et al., 2017; Kermah et al., 2018; Mokgehle et al., 2014; Ncube et
al., 2007; Nyemba and Dakora, 2010; Ojiem et al., 2007; Oteng-Frimpong and Dakora, 2018). |
assumed that groundnut grain was 4.5% N (Nijhof, 1987). The potential N input from stover was
calculated as:

Potential N input (kg ha™) = Stover N (kg ha) — Soil N (kg ha™) (3)

Stover N is the groundnut plant N content minus the harvested grain N and soil N is the plant N
taken up from the soil, which was calculated by subtracting N derived via BNF from total
groundnut plant N.

The groundnut N input was adjusted according to farmer-reported residue management

practices. When farmers reported removing or burning all groundnut residue, | estimated that
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residues would provide 5% (incomplete burning or removal) of their total potential N benefit to
field soils, or if farmers provided an estimated percentage of residues remaining, this value was
used instead. For groundnut residues that were incorporated into the soil or spread on the field
surface, | estimated that 100% of the potential N benefit could be delivered. Estimated N input

with management factored in was calculated as:

Potential N input with management = Potential N input x management value (4)

| calculated a partial, single season, field-level N balance for 77 groundnut fields; out of
the 100 fields, 12 were missing field area measurements because of an error with the handheld
GPS, four were missing groundnut plant density measurements, and seven fields were excluded
because the reported groundnut yield weights were extreme outliers (>3000 kg ha™, more than
1.5 times interquartile range). Within the context of groundnut residue management practices,
| balanced BNF input from groundnut residues with groundnut grain N.

Additionally, to illustrate the maximum and minimum mean N input according to
groundnut residue management, | present two field-level scenarios. In the first scenario (S1), all
residues are retained in the field and N additions from stover corrected for soil N removal
based on the BNF efficiency and groundnut grain N removal. In the second scenario (S2), all
residues are removed from the field and the N addition from estimated 5% residues remaining
(roots and missed residues) is corrected for soil N removal based on BNF efficiency and grain N

removal.
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Data analysis

Descriptive statistics, Pearson’s chi-squared tests, Wilcoxon rank-sum test, and analysis of
variance (ANOVA) were performed with STATA/IC 14.2 statistical software (StataCorp, College
Station, TX).

Pearson’s chi-square test of independence was used to measure the strength of
relationships between the four residue management practices and socioeconomic factors,
including ethnicity, village, gender of the household head, crop planner, land tenure, wealth
ranking, distance from the field to the homestead, and factors related to a household’s valuation
of groundnut. The factors related to valuation of groundnut were derived from three different
survey questions asking: which crop do you sell the most of, which crop do you make the most
profit on, and which crop is the best to plant if you want to improve crop yields/soil fertility.
Because data were not normally distributed, | applied the Wilcoxon rank sum test to test for
differences between groundnut field soils and KNP reference soils (Corder and Foreman, 2009).

Groundnut field SOC and TN values were normalized by calculating the difference from
proximal KNP baseline soils. | performed a one-way analysis of variance (ANOVA) on the

normalized C and N values by groundnut residue management practice.

Results

Household and farm-level characteristics

Household demographic and socioeconomic characteristics are presented in Table 1.1.
Households ranged in size from 1 to 20 people with a mean of 6.3 members (sd=3.30), with 61%
of members under the age of 15. Most respondents identified as belonging to the Bakiga ethnic
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group (72%) and 25% identified as Batooro. Households were predominately designated as
male-headed (74%). Despite this, 44% identified a woman as the crop planner, i.e., the person
responsible for planning the planting and harvesting schedule (29% of male-headed households
had a female crop planner), 26% identified a man, and 29% identified multiple planners.

Land ownership was high with 75% of households owning all their land and 24% of
households renting a portion of their land. Mean, farmer-estimated, household land use was
3.3 ha. The majority (57%) of households had similar, average wealth, while 24% were below
average and 19% were above average. The above average wealth ranking includes households
that owned cattle (12%) in addition to other livestock and had a dwelling constructed of
concrete (10%); average households owned goats, pigs, and/or chickens and had homes with
mud-wattle construction and an iron-sheet roof; and below average households owned
chickens or no livestock and had traditional thatch-roofed homes or homes with dirt floors.

In addition to groundnuts, households grew a large diversity of crops at the farm-level
with, in order of frequency, maize, common bean, banana, cassava, Irish potato, and sweet
potato grown by over half the households (Table 2). Crop production at the farm-level was
strongly characterized by intercropping (99%) and crop rotation (82%). Maize was often
intercropped with groundnut (68%), and of the 70% of farms that reported practicing a set crop
rotation, 77% reported that they included groundnut in the rotation. The top three reasons for
intercropping were limited land (45%), greater harvest (22%), and greater profit (16%). When
asked which crop(s) were best to plant for improving soil fertility, 57% included groundnut,

though 30% of respondents also listed at least one non-legume crop.
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Maize was reported as the most sold crop (48%) with groundnut the second most sold
crop (22% of households). Groundnut was reported to be the most profitable crop in 34% of
households, followed closely by maize (31%), then rice (14%) and Irish potatoes (10%). Most
households (77%) categorized themselves as “very much” dependent on income from crop
sales.

The large majority of farmers (93%) reported seeing year-to-year declines in crop yields
with declines most often reported in maize (68%), followed by groundnut (48%), common bean
(46%), and Irish potato (27%); 6% of farmers reported declines in all crops. The reasons cited for
declining crop yields included factors relating to soil fertility (soil fertility loss, old soils, poor
soils, 43%), climate (heavy rains, drought, delayed rains, climate change, 34%), crop
management (poor seeds, crop type, delayed planting, 5%), and a combination of soil, crop, and

climate factors (11%); 7% said they did not know the reason.
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Table 1.1. Demographic and socioeconomic characteristics of the 100 surveyed groundnut-
growing households along the western edge of Kibale National Park in western Uganda.

Variable %
Land Tenure, own all land 75

Ethnicity of respondent
Batooro 25
Bakiga 72
Other® 3

Household Head Gender
Female 25
Male 74

Crop Planner

Woman 44
Man 26
Multiple 29

Wealth RankingIO
Below average 24
Average 57
Above average 19
Households with livestock

Cattle 12

Pigs 60

Goats 73

Chickens 82

None 8

Intercrop maize with groundnut 68
Rotate maize with groundnut 54
Groundnut most sold crop 22
Groundnut most profitable 34
Groundnut best for soil fertility 57
"Very much" dependent on crop sales 77

a Other includes Bakonjo, Iteso, and Munyankole

b Wealth ranking is based on the assignation of
numerical values to housing materials and livestock
assets. The assets were summed to create a continuous
variable representative of wealth. (Hockett &
Richardson, 2016)
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Table 1.2. Across all farms surveyed, the frequency of each crop grown at the household level
with normal seasonal yields, and the frequency of each crop grown in the groundnut field
surveyed during the 2015 study season (crops other than groundnut indicate intercrops) and
for the two prior growing seasons. The “Residues removed” column indicates the percentage of
fields from which over half of the residues were consistently removed or burned over the span
of three seasons.

Farm-level Groundnut field crop frequency
Farm Two
production Study Previous seasons Residues

Crops frequency Mean Yield® season®  season prior removed®
% (kg farm™ season™) % % % %

Groundnut 100 189 100 3 7 49

Maize 100 963 73 46 44 57

Common bean 96 134 2 31 31 58

Cassava 92 . 54 3 41

Banana 89 314 bunches 11 3

Irish potato 82 499 4 16 7

Sweet Potato 75 374 0 12 40

Millet 41 . 0 7 8 13

Rice 37 490 0 20 10 20

Soyabean 15 2 2 0 50

Sorghum 14 2 1 2 40

Pea 14 4 5 1 40

Coffee 12 6 2 1 0

Taro 10 6 0 0 50

Tomato 7 0 1 1 0

Onion 0 1 1 50

Fruits® 5 . 0 0 0 na

Other® 10 . 6 2 1 11

a Farm level yield data collected for select crops; values reported per farm, total farm area not measured

b Study growing season March-Aug 2015, previous season Sept 2014-Feb 2015, two seasons prior March-Aug 2014
¢ All or over half of residues removed from or burned in the field, averaged over the three seasons

d Fruits include avocado, jackfruit, mango, guava, pineapple

e Tea, cabbage, pumpkin, sugarcane, hot pepper, eggplant, eucalyptus

Groundnut field characteristics: production and use

Groundnut fields ranged from 0.01 ha up to 0.58 ha with a mean area of 0.095 ha (Table

3). The distance between the surveyed groundnut fields and the homestead was at minimum 5
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m and maximum of 1.7 km. The distance was less than 50 m for 40% of households thereby
characterized as homefields and greater than 50 m for 60%, which were classified as outfields.

One hundred percent of fields were rainfed and were prepared and worked manually
with a hand hoe. Only 14 fields had received any kind of external input; seven fields had
manure added, four had herbicide applications, and application of chemical fertilizer,
household waste, or residues from another source occurred in single fields. The remaining 86
fields did not receive any external inputs other than seeds or starts at planting. Weed biomass
was retained on 96% of fields, and 93% of fields were weeded 1-2 times per season with the
remainder weeded more frequently.

Fields had been planted to groundnut for a mean of 3.6 seasons and the majority (81%)
of fields had been in groundnut for at least two seasons with a maximum of 13 seasons. In most
fields, groundnut was interplanted with at least one other crop and up to as many as five other
crops; only eight fields were planted solely to groundnuts. The most common intercropping
combination was groundnut-maize-cassava which was present in 21% of fields and that
combination plus additional intercrops was present in another 18% of fields.

Farmers practiced crop rotation in 66% of the surveyed fields, and in those rotations,
the most commonly included crops were groundnut (79%), common bean (74%), maize (56%),
Irish potatoes (56%), rice (36%), cassava (21%) and sweet potatoes (21%). Groundnut was
included every third season in 83% of the rotations, which contextualizes the fact that only 10%
of households reported planting groundnut in the surveyed field in the two seasons prior to the

2015 study season. Though, 52% of households grew maize and 50% grew common bean at
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least once during the two prior seasons, with 18% growing maize and 10% growing common
bean both previous seasons (Table 1.2).

For the surveyed groundnut field, household consumption accounted for around half of
the groundnut harvest (48%), while 26% of the harvest was sold and 25% was saved for seed.
All households except one intended a portion of the groundnut yield for household use, 80% of
households saved part of the harvest for seed and 58% sold a portion of the groundnut harvest.

Bunch-type groundnut was found in all fields with varieties identified as local. The mean
planting density for groundnut was 29 plants m (Table 3), with 43% of households planting 30
or more groundnut plants m. In all surveyed fields, groundnut was planted as a ground cover
over the entire field. Maize and cassava were interplanted at much lower densities and widely
dispersed with respective mean planting densities of 0.44 (SEM=0.62) and 0.18 (SEM=0.04) m™.
Planting density for the other less common intercrops (Table 2) was also low, ranging from less
than 0.01 to 0.63 plants m with a mean of 0.136 m2 (SEM=0.03). Regression of groundnut
yield on groundnut planting density indicated no linear relationship (R?=0.015) between the
two; the exclusion of outliers did not increase the R above 0.1.

All farmers harvested groundnuts by pulling the entire plant out of the ground. Of the
100 groundnut-producing households, 49% removed or burned groundnut residues and 51%
retained groundnut residues on fields, either incorporating or spreading the stover as a mulch
(Table 2). Groundnut residues were removed from 19% of fields, burned in 30%, spread on the
surface for 31%, and incorporated into the soil in 20%. For maize, the most common intercrop, |
found that farmers removed maize residues to mulch bananas in 46% of fields, surface spread

in 32%, incorporated in 11%, and burned in 11%. Approximately 41% of cassava residues were
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removed to use as firewood or animal feed, and 59% of residues were replanted as stem
cuttings or remained in the fields.

Respondents provided a variety of reasons and explanations for residue management
practices for groundnut and other crops planted in the field over the course of the three
seasons (Figure 1.2). However, of all the different crop residues, only groundnut residues were
described as having potentially negative impacts on the soil or crop yields (Figure 1.2). A total of
18 respondents said they burned or removed groundnut residues because the residues were
either bad for the soil or caused infertility. Conversely, residues were described as adding
fertility by 26 respondents who spread, incorporated, or removed residues to use as mulch in
other fields. Residue decomposition was mentioned often with 10 respondents stating that
they burned or removed groundnut residues because they did not easily decompose, whereas

11 respondents said they spread or incorporated residues so they would decompose.

Table 1.3. Groundnut field characteristics and agronomic data across 100 smallholder farms
along the western edge of Kibale National Park in Western Uganda.

Variables n Mean Minimum Maximum SEM

Field Size (ha) 88  0.095 0.01 0.58 0.01
Distance from homestead (m) 100 199 5 1658 29

Gnut planting density (m™) 9% 29 5 60 1.07

Maize planting density (m™) 68  0.44 0.004  1.44 0.05

Groundnut yield (kg ha™) 88 1143 47 4752 114

sroundnut yield designated for: household use (%) 99 48 0 100 0.03

saved seed (%) 99 25 0 100 0.02

sale (%) 99 26 0 88 0.03

Maize yield (kg ha™) 66 751 9 3581 101

Maize yield designated for: household use (%) 68 85 0 100 0.04

saved seed (%) 68 4 0 100 0.02

sale (%) 68 12 0 75 0.03
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Groundnut Residue Management (100)

Retainin field (81) Remove from field (19)
| |
| l | | |
Burn (30) Spread (31) Incorporate (20) | | yse as mulch (14) Burn (5)
in: Banana plantation (12)
Bad for soil/cause infertility (15) Add fertility (8) Add fertility (13) Pineapolejtomato garden (2) Don't add fertility/cause infertility (3)
Don't decompose easily (7) To decompose (8) To decompose (3) Don't decompose easily (1)
Don’t add fertility/get rid of (6) | | Prevent/control weeds (4) No answer (4) Add fertility (5) Control weeds (1)
Ash for making local porridge (1) Trap moisture (1) Don't decompose easily (2)
No answer (1) Warned not to burn (1) Trap moisture (2)
No answer (9} Control weeds (1)

Prevent soil erosion (1)

No answer (3)

Figure 1.2. Tree diagram illustrating potential fates of groundnut residues with farmer provided
explanations for each of the five practices. Number of farmer responses for each management
practice or explanation are in parentheses.

Soil fertility

Study area soils are high in organic matter with relatively high C and N values and low
C:N (Table 1.4). In comparison to uncultivated reference soils from KNP that represent total
potential soil nutrient stocks, the cultivated groundnut field soils contained 24% less total SOC,
44% less TN, and had a 35% wider C:N ratio. An analysis of variance on the normalized

groundnut field SOC and TN values found that groundnut residue practices did not significantly

alter SOC (p = 0.695) or TN (p = 0.742) (Figure 1.3).
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Table 1.4. SOC, TN, and soil C:N ratios in soils collected from groundnut fields and the

uncultivated reference, Kibale National Park (KNP). Values are mean followed by one standard

error of the mean (SEM; in parentheses) and letters, where different, indicate significant

differences between groundnut cultivated soil compared to KNP soils.

Location SOC TN C:N
gkg' gke'
Kanyawara 43.62 (5.25) 3.11(0.35) 13.89(0.68)
Kyakabuzi 62.67 (5.53) 4.46(0.36) 13.95 (0.25)
Isunga 53.59(2.01) 3.31(0.14) 16.36(0.46)
Iruhuura 52.95(3.45) 3.34(0.22) 15.94 (0.36)
Nyabweya 42.35(1.67) 2.89(0.10) 14.65(0.23)
Kajumiro 33.22(2.22) 2.16(0.13) 15.27(0.27)
Groundnut fields 46.03 (1.52) 3.02(0.10) 15.27(0.17)
KNP reference 60.36 (8.22) 5.32(0.65) 11.50(0.63)
P-values for comparison of KNP to groundnut fields: SOC p=0.044; TN p =0.000;
C:N p=0.000
110 20 -
100 =mm=mm=mrmmm e n oo KNP
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Groundnut Fields Groundnut Fields

Figure 1.3. Mean groundnut field SOC and TN as a percentage of uncultivated Kibale National
Park (KNP) reference soils (A) and groundnut field soil C:N ratios compared to the C:N ratio of
KNP soils (B). Across all groundnut fields, SOC (p=0.044) and TN (p=0.000) were significantly
reduced compared to KNP soils. By residue management practice, there were no significant
differences between KNP and groundnut fields in SOC, TN or soil C:N ratios. Data are means +/-

one standard error.
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Groundnut field N balance

The scenario N balances revealed that groundnut stover could contribute positive N
balances at all levels of BNF efficiency if residues were fully retained (S1), and that balances
would be strongly negative at all levels of BNF efficiency with full stover removal (S2; Figure
1.4). If all residues were retained (S1), groundnut stover could deliver a mean of 23, 65, and 107
kg N ha! at the respective BNF efficiency levels of 30, 50, and 70%. At the same respective
levels, full groundnut residue removal (S2) could result in mean extant soil N losses of 63, 105,
and 147 kg N ha (Figure 1.4).

The partial N balance showed that at the three BNF efficiencies there was no N benefit
from groundnut residues unless residues were retained, i.e., spread or incorporated, in which
case, mean BNF efficiency benefits ranged from of 22 kg N ha* up to 120 kg N ha™ (Figure 1.5).
Removal and burning of groundnut residues resulted in N loss at all levels of BNF efficiency with

the greatest losses of 147 and 141 kg N ha respectively, at 30% BNF efficiency (Figure 1.5).

S1 S2
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Figure 1.4. Potential N contributions from groundnut stover after grain harvest in 2015
calculated at three BNF efficiencies, i.e., percentage plant N from BNF relative to total plant N
demands, under scenario 1 (S1; A), full retention of groundnut stover, or scenario 2 (S2; B),
total removal of groundnut stover. Data are means +/- one standard error.
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Figure 1.5. Potential N balances for farm fields surveyed in 2015 accounting for N removal
through grain harvest calculated at three BNF efficiencies, i.e., percentage groundnut plant N
from BNF relative to total plant N demands and grouped by residue management practice. Data
are means +/- one standard error.

Determinants of groundnut residue management

Household socioeconomic characteristics were not strongly related to groundnut
residue management practices, but variables related to valuation of groundnuts were.
Pearson’s chi-squared measures of association did not find significant relationships between
groundnut residue management and the ethnicity of respondent, gender of the household
head, crop planner, land tenure, wealth ranking, distance from the field to the homestead, or if
groundnut was the most sold crop (Table 1.5). There was a significant relationship between the
removal of groundnut residues and village with more respondents than expected removing
residues in Kanyawara, and fewer than expected in the remaining villages, except for Isunga
(p<0.05).

Households that considered groundnut as one of the best crops for improving soil
fertility were significantly associated with residue incorporation and residue spread (p<0.05)

(Table 1.5). Households that designated groundnut as the most profitable crop were
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significantly associated with burning (Table 1.5). Finally, farmers who perceived groundnut
residues as “bad” for soil or crop fertility were significantly associated with burning (p<0.0001)

and were not associated with spreading (p<0.01) or incorporating residues (p<0.05).
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Table 1.5. Chi-square test for relationships between demographic and socioeconomic
characteristics, farmer preferences, and groundnut residue management practices in
smallholder farm fields along the western border of Kibale National Park (n=100). Data from
surveys conducted in July 2015.

Percent respondents

n Remove Burn Incorporate Spread
100 (n=19) (n=30) (n=20) (n=31)
Ethnicity Batooro 25 24 24 12 40
Bakiga 72 17 32 24 28
Other 3 33 33 0 33
P value 0.59 0.75 0.31 0.52
Village Iruhuura 18 6 39 22 33
Isunga 21 29 33 14 24
Kajumiro 27 15 26 33 26
Kanyawara 9 56 11 0 33
Kyakabuzi 9 11 22 22 44
Nyabweya 16 13 38 13 38
P value 0.03* 0.67 0.28 0.85
Household Head Gender Female 25 20 28 28 24
Male 74 19 31 18 32
P value 0.88 0.77 0.47 0.24
Crop Planner Woman 44 14 39 20 27
Man 26 31 15 12 42
Multiple 29 17 31 28 24
P value 0.33 0.43 0.48 0.20
Land Tenure, own all land Yes 75 20 31 16 33
No 24 17 29 33 21
P value 0.83 0.80 0.16 0.17
Wealth Ranking Below average 24 17 29 13 42
Average 57 16 28 25 32
Above average 19 32 37 16 16
P value 0.3 0.77 0.41 0.19
Distance from homestead Homefields 40 15 30 23 33
Outfields 60 22 30 18 30
P value 0.41 1.00 0.61 0.79
Groundnut most sold Yes 22 18 36 14 32
No 78 19 28 22 31
P value 0.91 0.46 0.40 0.93
Groundnut most profitable Yes 34 15 47 15 24
No 66 21 21 23 35
P value 0.43 0.01* 0.34 0.25
Groundnut best soil fertility Yes 57 21 28 28 23
No 43 16 33 9 42
P value 0.55 0.63 0.02* 0.04*
bundnut residue "bad" for fertility Yes 18 17 83 0 0
No 82 20 18 24 38
P value 0.78 0.00%** 0.02* 0.00**

*Significant at P < 0.05
**Significant at P < 0.01
***Significant at P < 0.001
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Discussion

In this study | took an agroecological approach, integrating biophysical, social, and
economic data, to determine the extent and drivers of SOC and TN relative to groundnut
management within smallholder farm fields in western Uganda. | documented the smallholder
household, farm and groundnut field characteristics in the western region, an agroecosystem
that is not well-profiled in the literature. | found that SOC and especially TN have been depleted
relative to uncultivated soils. However, losses are less than those reported for other
smallholder farming systems in SSA, which is likely related to the soil parent material and the
diverse, intercropping, and rotational cropping systems. Despite groundnut appearing to be the
most promising source of N for these fields, my hypothesis that TN would be greater and C:N
ratios narrower in fields where groundnut residues were consistently retained was not
supported; there were no discernible significant differences by groundnut residue management
practice. Differences may have been masked by the highly complex, on-farm environment and
highly fertile soils, or perhaps there were not enough groundnut-growing seasons to detect
changes (the range was 1-13 seasons with an average of 3.6 seasons). These results may also
suggest that groundnut residues do not have a large impact on soil C and N, which could be due
to: residue application methods (factors including timing, location, and quantity); limited
impact of harvest residues compared to belowground inputs and/or leaf fall throughout the
season; or because the fertile soils are not responsive to N addition. Though no effect of
groundnut residue practice was evident in SOC and TN, the estimated partial N balances
supported my hypothesis that groundnut residues could deliver positive N balances at the field-

scale. Residues could make up for grain N losses and deliver substantial N in these low input
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fields, even at 30% BNF. The considerable estimated N input is a consequence of the high
population density of groundnut plants in combination with moderate to low yields.
Importantly, only half of surveyed farmers retained groundnut stover in their fields, and
removal or burning of residues resulted in N losses at all levels of BNF, thus negating the
potential for groundnut residues to mediate SOM and soil N losses. Residue management
practices were not clearly linked to socioeconomic factors related to gender and wealth, but
rather highly driven by perception and valuation of groundnut residues as either good or bad
for soil fertility or crop yields. | identify important knowledge gaps with respect to groundnut
management, residue management and SOM or N benefits from legumes in SSA, as well as the
importance of including information about residue management and variety selection to
maximize BNF efficiency when legumes are recommended as a component of ecological

nutrient management.

Current SOC and N

On average, the cultivated groundnut field soils are degraded compared to the
uncultivated KNP reference soils. However, the mean difference in SOC (24%) is less than the
reported C decline in other studies comparing tropical forest soils to cultivated fields (Tiessen,
Cuevas, & Chacon, 1994; Moebius-Clune et al., 2011). A global meta-analysis examining SOC
stocks after land use change found that conversion from native forest to crop resulted in a
decline of approximately 50% in the top 30 cm (Guo and Gifford, 2002). A chronosequence in
Kenya with similar bimodal precipitation found that the degree of soil degradation in cultivated

fields versus primary forest was highly influenced by soil parent material (Moebius-Clune et al.,
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2011). The andic soils in the study area have relatively young overlays or rift volcanics that
exhibit inherently high levels of fertility, renewed through mineral weathering and
characterized by amorphous mineral colloids with large active surfaces to which organic matter
readily binds (Young, 1976). The soils have low bulk density, high water holding capacity, and
good drainage, making them optimal for plant growth (Shoji et al., 1993). These properties have
likely buffered the soils against degradation and C loss in the surveyed fields.

Farmer field management may also have contributed to maintaining or even recouping
SOC lost due to forest conversion as farmers intercrop and/or rotate a large diversity of crops
(Table 1.2). According to a review of SOC change after adoption of different management
practices in tropical croplands, the strongest predictors of C change were quantity of C inputs,
experiment duration, and management practices; soil and climate variables did not have an
effect (Fujisaki et al., 2018). The review determined that the management practice that resulted
in the highest SOC was diversified crop rotation. In the current study, farmers practiced
diversified crop rotation, but high rates of crop residue removal (Table 1.2) diminished the
guantity of organic matter inputs. Removal of groundnut stover, relatively high in N content,
not only removes important organic matter from the system but also a prime N source. The
wider C:N ratio found in groundnut fields compared to uncultivated KNP soils is indicative of
high N demands that are not being met by organic matter inputs. Instead, competition for N is
high, which results in microbial N mining of extant SOM (Craine et al., 2007). The addition of
high-quality groundnut residues could provide N and help to narrow the C:N ratio of SOM in

farmer fields.
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Impact of groundnuts on SOC and TN

The potential N contribution from groundnut stover could increase N availability and
thus boost yields and biomass of following crops, creating a positive cycle for C and N additions
to the soil (Figures 4 and 5). However, | did not detect evidence of positive benefits of
groundnut residue retention to SOM (Figure 1.3). Normalized groundnut field SOC, TN and C:N
ratios did not differ significantly by groundnut residue management practice. While these
results are somewhat surprising, there are several potential explanations. First, greater
production of other intercrops or rotated crops with subsequent removal of their residues may
reduce or cancel out potential benefits of groundnuts to the soil. For example, | found that 57%
of farmers consistently removed maize residues, either through removal to the banana
plantation as mulch or through burning (Table 1.2). For other commonly planted crops like
common bean, cassava, and sweet potatoes, residue removal was also high at 58%, 40%, and
37%, respectively (Table 1.2). Without residual biomass retention from maize, common bean,
and other crops within these fields, potential for SOM gains from groundnut stover are severely
limited.

Second, groundnut residues alone are not enough to influence SOM. Instead, the N they
provide stimulates productivity of intercropped or rotated crops such that residue inputs are
increased with positive impacts on SOM. Approximately 55% of farmers reported rotating
groundnut every third season (i.e., every other year, similar to legume-maize rotations in
tropical systems with unimodal precipitation) on the surveyed groundnut field, and only 10% of
farms reported planting groundnut in either of the two seasons prior to the study. Here, the N

inputs from groundnut stover retention versus non-retention were possibly not great enough,
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frequent enough, or available at the necessary time or place to significantly impact productivity
and residue inputs from other crops. Timing and placement of residues affect decomposition
rates and the potential for N loss through volatilization, denitrification, or leaching. It is also
possible that the fertile study area soils could have less agronomic use efficiency of N-rich, high
fertilizer equivalent, organic residues, and that the soils could be characterized as fertile, “non-
responsive” or “less-responsive” as described by Tittonell et al. (2008) and Vanlauwe et al.
(2011). In rich, non-responsive or less-responsive soils, N inputs have minimal to no apparent
effect on crop productivity. In other systems, groundnuts have been shown to significantly
impact grain yields and N availability to subsequent crops. For example, in a study in Zimbabwe,
maize crops following a poor groundnut crop still had almost double the grain yield compared
to continuous maize (Waddington and Karigwindi, 2001). This benefit of groundnuts to a
subsequent maize crop was observed even when the bulk of groundnut stover was grazed by
animals and the crops were unfertilized and grown on sandy, low N soil (Waddington and
Karigwindi, 2001). In fact, groundnuts in rotation have been shown to almost double the yields
of cereal crops compared to continuous cereals, particularly in the case of little-to-no fertilizer
N addition (Franke et al., 2018; McDonagh et al., 1993). Leaf fall and belowground N additions
from groundnut root exudates and rhizodeposition over the course of the season might explain
some of this effect (Giller et al., 1997; Waddington and Karigwindi, 2001). The ‘N-sparing’ effect
of legumes (when the majority of harvested N comes from fixation rather than soil N),
especially when higher proportions of N are fixed in low soil N conditions, might also help
explain increased cereal yields, as might legumes’ disruption of pest and disease cycles within

continuous cereal crops (Giller and Cadisch, 1995; Peoples et al., 1995). Because groundnuts
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can increase intercrop or rotated crop productivity, which can lead to larger inputs of organic
matter, | would expect accumulation of SOM and increases in total SOC in the long-term.
However, a review of the effects of grain legume rotations across SSA found few studies (n=5)
that examined changes in SOM, and those studies generally did not observe effects of a
legume-cereal rotation on SOM compared to continuous cereals (Franke et al., 2018). However,
as noted by Franke et al. (2018), this may be due to the short duration of most trials, which
were less than four years long. Nevertheless, in one study, residue addition was found to
significantly increase SOC and TN after each of three consecutive seasons of a maize-soybean
rotation and conservation tillage experiment in the bimodal system of western Kenya
(Anyanzwa et al., 2010). My study and the studies included in the review (Franke et al., 2018),
focused on total SOC and TN, which usually change over the longer term and often may take
many years to exhibit significant changes by management practice (West and Post, 2002).
Measurement of SOC and TN in more management sensitive, rapid-cycling SOM pools (e.g.,
within aggregates, dissolved organic carbon (DOC) and nitrogen (DON)) may better capture the
impact of grain legumes on SOC and N dynamics .

Finally, the lack of a detectable effect of retention versus removal of groundnut residues
is also surprising given that in the study area, groundnut was planted at a density higher than
the official recommendation by Uganda’s National Agricultural Research Organization (NARO)
of 15 plants m for unirrigated production and closer to the recommended 30 plants m™ for
irrigated fields (Kefa, 2013). Also, all farmers planted groundnut over the whole field rather
than the recommended spacing of 30 to 45 cm rows (Kefa, 2013); broad field coverage has

many possible advantages including reduced soil erosion and weed competition. “Square
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spacing,” or the equal spacing of groundnut plants over the growing area, has been shown to
have positive benefits and to maximize both total plant biomass and groundnut yield (Gardner
and Auma, 1989; Jaaffar and Gardner, 1988). Results in the literature are mixed regarding
groundnut plant population density and its effect on grain yield and stover production,
groundnut variety and growth habit (bunch versus runner) and environmental conditions are
critical to the density at which yields and biomass are maximized; maximum density values
ranged from 20 to 50 plants m (Bell et al., 1987; Bell and Wright, 1998; Tarimo and Blarney,
1999). Documentation of on-farm groundnut planting density and spacing is lacking in the
literature, and | found only one study that documented groundnut plant density as practiced
on-farm by farmers in SSA and not in researcher-mandated, on-farm trials (Nyemba and
Dakora, 2010). Bell and Wright (1998) observed that groundnuts grown in humid tropical
environments had low pod yields and low harvest indices, necessitating high plant densities to
maximize production. In this study, the high plant density did not correlate to high yields, but
yields could be affected by a number of factors including groundnut variety, seed quality,
environmental conditions, intraspecific or interspecific competition, pests and disease, timing
of planting, or because yield data was farmer-reported/estimated and yields were not
determined at a standardized moisture content. Nevertheless, the farmer-reported yields were
comparable to on-farm trial yields reported by Ojiem et al. (2007) from similar agroecological
zones in western Kenya, though in that study the groundnut planting density was 20 plants m=.
If the high planting density equated to a large volume of aboveground biomass with
correspondingly low grain yield, the potential net C and N input should be sizable, yet | saw no

evidence of this potential benefit in SOC and TN.
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Groundnut residue management practices

If aboveground residues are retained on fields, farmers can maximize the full N benefits
from groundnut BNF to soil, as well as contribute to SOM. However, in the current study, |
found that 49% of farmers did not retain groundnut residues. The assumption that legumes like
groundnuts can improve soil fertility and increase crop yields is largely based on best
management practices. Studies that specifically address farmer management of groundnut
residues are rare in the literature. Several studies in Thailand attempted to address groundnut
residue management practices, but these studies present what may be considered an optimal
potential N credit from groundnut residues in that the groundnut crop was treated and
managed according to recommended best practices (e.g. seeded and fertilized at the
recommended rates, and managed for weeds, pests and disease), which is often not achieved
or realistic on smallholder farms (McDonagh et al., 1993; Phoomthaisong et al., 2003;
Srichantawong et al., 2005; Toomsan et al., 2000, 1995). Also, in these studies, the groundnut
residues returned to the fields were chopped to 10 cm lengths, which would greatly impact
rates of decomposition and timing of N availability to a subsequent crop, and is a labor-
intensive step that the majority of smallholder farmers are unlikely to take (McDonagh et al.,
1993; Phoomthaisong et al., 2003; Srichantawong et al., 2005; Toomsan et al., 2000, 1995).
While groundnut residues retained on fields could contribute N to a following crop, another
potential hurdle is the timing of N release from residues, and the N demand by a following crop
is difficult to predict and synchronize (Robertson et al., 1997). Two studies that looked at the
time gap between the planting of the next crop and the post-harvest surface-application or

incorporation of groundnut residues found no significant differences in N delivery from surface-
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applied versus incorporated residues (Promsakha et al., 2005; Srichantawong et al., 2005).
Overall, there is a lack of studies on groundnut residue contributions to soil N and none seem to

fully replicate resource-limited, smallholder farmer management practices.

Factors driving groundnut residue management practices

In the study area, groundnut residue management practices appear to be driven by
perceptions and valuation of groundnut stover. Respondents gave various explanations for
groundnut residue management decisions, and these decisions seem to be largely based on the
perception of groundnut residue fertility or utility (Figure 1.2). Most farmers explained that
they incorporated or spread groundnut residues in the field or as mulch in the banana
plantation because residues added fertility. Bananas are the main staple food crop, and the
transfer of residues to the banana plantation to boost yields through the benefits of added
fertility, trapped soil moisture or weed prevention, makes sense in these resource-limited
agroecosystems. On the contrary, most farmers who burned residues in the field, or removed
residues and burned them elsewhere, perceived groundnut residues as “bad” for the soil,
causing soil infertility or not benefiting soil fertility (Figure 1.2). Respondents were often not
able to explain their reason for believing groundnut stover was “bad,” but several farmers
mentioned burning had been recommended in the past as means to eradicate disease and/or
pests, which are noted concerns with residue retention (Erenstein, 2002). The basis for the
negative perception of groundnut residue within the study area warrants further investigation.
| found that perception of residues as “bad” was significantly linked to the practice of burning

residues, while in contrast a significant proportion of farmers who named groundnut as one of
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the best crops to plant to improve crop yields or soil fertility also reported spreading or
incorporating groundnut stover (Table 1.5).

In western Uganda, the bimodal rainfall and two possible growing seasons usually
dictate a short, approximately two-month, gap between groundnut harvest and the field
preparation and planting of a following crop. This shortens the time period for residue
decomposition and means that farmers may have to deal with ample amounts of residue
biomass in field preparation, which might help explain why 10% of farmers responded that they
burn or remove groundnut residues because they do not easily decompose (Figure 1.2).
Furthermore, a wide variety of crops (Table 1.2) are intercropped and rotated in these fields
and relay cropping is common, which, though not explicitly stated by any respondent, may
present another challenge to residue retention and the incorporation and/or surface spreading
of residues among crops present in the field.

| found no strong relationships between groundnut residue management practices and
social and economic factors that have previously been shown in the literature to be drivers of
farmer management decisions in SSA (e.g., gender of the household head, crop planner, ethnic
group, land ownership, wealth rank, field distance from the homestead). This suggests that
perception of groundnut fertility and farmer resources affecting residue management practices
are unrelated to these factors (Table 1.5). A commonly identified tradeoff in the literature is the
use of residues as livestock feed (Tittonell et al., 2015; Valbuena et al., 2015), but livestock
holdings are low in the study area and no household indicated that groundnut residues were
used to feed livestock; only sweet potato and cassava residues were distinguished as animal

feed. Respondents who listed groundnut as their most profitable crop were more likely to burn
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the residues, which is a relationship that requires further testing and exploration as it could be
linked to various different drivers, such as time and labor availability, residue biomass amount,
and management at farm-scale. There was also a significant relationship among the village and
removal of groundnut residues, with residue removal occurring more frequently than expected
in the village of Kanyawara, but this relationship may be exaggerated because of the small
sample size.

In order to make effective recommendations and to enhance adoption of beneficial
practices it is important for any extension or agricultural development agency working within
the region to know and understand drivers of management practice. This knowledge is
necessary for devising and implementing local or regional policy, for example residue burning

regulations.

Groundnut residue management impacts on soil N balance

The groundnut field N balances were calculated using estimated N input from
groundnut residues minus the N exported by groundnut grain while also factoring in residue
management practices (i.e., spreading, incorporating, removing, or burning). The N input from
fully-retained groundnut residues (S1) could provide a substantial N credit at all three levels of
BNF (Figure 1.4). The mean benefit from groundnut residues at 30% BNF is approximately 22 kg
N haseason’, while at 70% BNF it is approximately 120 kg N ha'season™; both values are
considerable in a no-to-low-input system. Giller and Cadisch (1995) estimated that to offset N
losses in SSA, a legume crop needed to fix an average of 30 kg N halyear™. At higher levels of

BNF, a groundnut crop could deliver that level of N in residues alone, and if additional
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belowground N inputs were included, groundnut would likely surpass that requirement.
However, there are a number of factors that combine to determine the N provisioning potential
of groundnut stover, most of which have been inadequately researched, including: stover
guantities and N concentrations under different climates and soil types; roots and
rhizodeposition; BNF efficiencies across varieties and environmental conditions and intercrop
arrangements; management of residues (e.g., timing of addition, spreading versus burying); and
residue decomposition and potential volatilization and leaching of N.

To estimate the N contribution from groundnut stover, | used an initial estimation of 0.7
g N plant?as this fell in the mid-range of N values per groundnut plant in SSA (Mokgehle et al.,
2014; Ncube et al., 2007; Nyemba and Dakora, 2010; Qjiem et al., 2007; Oteng-Frimpong and
Dakora, 2018), and it was similar to the mean value for plants grown in high and medium
fertility fields in similar agroecosystems and environmental conditions in western Kenya (Ojiem
et al., 2007). Although similar, the soils in the current study region contained almost twice the
soil N and almost three times the SOC as the high and medium fertility soils in the Kenyan study
(Ojiem et al., 2007). | did not find examples in the literature in which groundnut BNF had been
determined on fields with higher fertility. | found one study from Uganda that calculated
groundnut BNF on farmers’ fields, but it was from the eastern region and in that study no grain
yield was obtained due to late-season drought, which likely also led to the groundnut N plant™
being extremely low (135-595 mg plant?) and having a wide-ranging N contribution from BNF
(8% to 70%) (Ebanyat et al., 2010).

| performed a sensitivity analysis to examine a span of BNF efficiencies, not only to

reflect the fact that BNF can fluctuate by variety and season-to-season ( Mokgehle et al., 2014;
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Oteng-Frimpong and Dakora, 2019), but also because there is no precedent for groundnut BNF
on soils with such high TN, where legume nodulation and BNF may be suppressed by large
pools of available soil N (Giller and Cadisch, 1995). A study in South Africa determined N
fixation levels for 25 groundnut cultivars grown at three different sites and concluded that
lower N fixation rates at one site were due to higher endogenous levels of soil N, which resulted
in groundnut fixing less N and, instead, taking up more soil N (Mokgehle et al., 2014). However,
Ojiem et al. (2007) found that BNF generally decreased with soil fertility levels and BNF was less
in low fertility versus high fertility fields, suggesting potential for other limiting nutrients (e.g.,
phosphorus) to play a role in BNF. Intercropping legumes with cereals and other non-N fixing
crops, as was the case in 88% of the groundnut fields | surveyed, can lead to reductions in soil N
concentrations that then promote greater nodulation and BNF (Giller and Cadisch, 1995), but
only if BNF is not limited by other nutrients.

Residue management is also critical to achieving an N benefit and if all groundnut stover
were removed (S2), groundnut would be a heavy miner of soil N at all levels of BNF (Figure 1.4).
Even the simplified N balances confirm the importance of management in combination with
BNF as field balances were only positive when residues were spread and incorporated (Figure
1.4). | chose to use the maximum of 100% N delivery for residues that were spread or
incorporated to help illustrate the full potential N benefit of groundnut stover. If there was loss
of retained residue (e.g., through livestock grazing or pests) or retained residue N (e.g., through
ammonia volatilization or nitrate leaching), which is likely, then nutrient balances would be
reduced (Figures 5). Further, | chose to use a minimum of 5% N delivery for residues that were

burned or removed, though it is probable that the total combustion of residues is inconsistent,
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as is the proportion of residue material left in the field. Importantly, the field-scale partial N
balance establishes reference points for farmers, extension agents, and policymakers when
estimating a potential N credit from groundnut residues within the context of management
practices.

While the partial N balances do not account for the N loss from the diverse number of
additional crops grown at the field-scale and other potential inputs and outputs, the estimated
N inputs suggest that full retention of residues at the higher levels of BNF could reduce or
counter additional N exports. The average seasonal maize yield for western Uganda is
approximately 2600 kg haseason* (UBOS, 2010), which would remove about 41 kg N ha™
season’! at a maize grain N concentration of 1.57% (Kaizzi et al., 2012a). This output could be
balanced by groundnut residues if BNF efficiency was 50% or greater and residues were
retained (Figures 4 & 5). Notably, the N balances only considered the N input from
aboveground groundnut residues and did not account for leaf fall during the season or
potential belowground N additions from unrecovered roots and nodules and rhizodeposition,
contributions, which have been estimated to account for 30 to 50% of plant N (Giller et al.,
1997; Herridge et al., 2008; Unkovich and Pate, 2000). Additionally, there could be N
contributions from the other legume crops grown on these farms (i.e. common bean and pea),
but their N contributions are likely far less relative to groundnut as common bean has been
shown to be poor at BNF and pea is not widely grown (Franke et al., 2018; Herridge et al.,
2008).

With substantial N inputs concentrated on fields planted to groundnut, these results

suggest that overall N balances at the farm-level would be negative considering the mean yields
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and diversity of other crops (Table 1.2). Negative farm-level N balances would be in line with
previously published nutrient balances in Uganda which found negative or near zero N, P, and K
values at all levels of scale across all regions of the country, with few exceptions (Bekunda and
Manzi, 2003; Briggs and Twomlow, 2002; de Jager et al., 2004; Ebanyat et al., 2010; Lederer et
al., 2015; Mubiru et al., 2011; Nkonya et al., 2005; Sheldrick and Lingard, 2004; Stoorvogel and
Smaling, 1990; Wortmann and Kaizzi, 1998). More neutral farm-level N balances might be
achieved through an increase in groundnut production.

Increasing groundnut grown through more frequent rotations or land planted to
groundnut could contribute to greater N inputs, but after household groundnut needs are met,
there would need to be market opportunities to support greater production. Planting
groundnut more frequently could lead to greater incidences of pest and disease, and advice
from Uganda’s NARO is to plant groundnut every three years or more to prevent such buildups
(Okello et al., 2014). Farmers are already planting groundnut more frequently than this
recommendation as approximately 55% of farmers reported rotating groundnut every third
season on the surveyed field. Farmers in the study area are land-limited as evidenced by the
small field sizes, and 45% of farmers who intercropped said they did so because of limited land.
Thus, expanding the area cropped to groundnut may not be feasible or meet household needs.

Another possible means to boost groundnut growth, fixation, and overall productivity
could be the addition of phosphorus (P), as P deficiency has been found to constrain legume
yield and plant tissue N concentration (Giller and Cadisch, 1995). In eastern Uganda, Ebanyat et
al., (2010) saw up to 40% increases in groundnut N fixation in fields with inputs of 30 kg ha* P

versus fields without added P, though differences were not significant and highly inconsistent.
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In fertilizer response trials conducted at six different locations in Uganda, groundnut grain
yields increased significantly with application of P fertilizer, but the response differed by variety
(Kaizzi et al., 2012b). The authors concluded that groundnut grain yield was not related to soil
properties, e.g. SOM, or previous crop, which they found to be in agreement with earlier
research by Foster (1980)(Kaizzi et al., 2012b).

Groundnut yield increases are challenged by the fact that an estimated 80% of the
groundnut seed is saved, may be of more inferior quality, and it is overwhelmingly from
traditional, low-yielding varieties (Okello et al., 2010). There is a tradeoff between grain
production and soil inputs because yield increases can lead to larger amounts of N exported in
grain resulting in lower soil N balances, thus, in this regard, low-yielding varieties could be
considered advantageous for soil fertility (Kermah et al., 2018; Ojiem et al., 2007). Crop yields
and BNF are affected by climate and water availability, and within the study region, rainfall has
been shown to be highly variable in its timing, and, while total rainfall has not changed
significantly, the intra-seasonal distribution has (Hartter et al., 2012). Climate change and
changes to the timing and distribution of rainfall heighten the uncertainty for all crop
production, including groundnut, which in turn heightens the impact and importance of farmer

management decisions and practices.

Conclusion

Grain legumes like groundnut have the potential to contribute N-rich residues to boost
SOC and TN and increase N available to other crops. Here, | estimated groundnut residue N

delivery within minimal input, smallholder fields and found that a high plant population density
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combined with moderate yields resulted in a potentially substantive net N input, even at low
BNF efficiency. This benefit can be fully realized if farmers retained residues on fields. However,
after normalizing surveyed field soils using uncultivated reference soils from KNP, | did not find
any evidence of differences in SOC or TN from fields where groundnut residues were retained
versus fields where they were removed. The high soil fertility inherent to the study area and the
prevalence of diverse crop rotations, intercropping, and residue practices may have masked
effects. It is also possible that leaf fall or belowground additions throughout the season had
more of an impact than groundnut residue addition or removal. The number of seasons that
groundnut was included in rotation may also not have been enough to capture SOCand TN
changes that generally occur slowly.

| found that the main groundnut residue tradeoff was its use as mulch in banana
plantations, and, unexpectedly, that 35% of farmers did not value groundnut as an input or saw
residues as “bad” with negative soil fertility and yield consequences. The valuation of
groundnut residue as a soil fertility input was significantly related to management practices and
linked to whether farmers spread, incorporated, burned, or removed residues. Socioeconomic
factors connected to gender and wealth that previously have been identified in the literature as
drivers of farmer practice in SSA were not found to be significant.

While this study focused on groundnut contributions to soil health, sustainability, and
agricultural productivity, groundnut also provides essential nutrition and generates crucial
income to support the health and wellbeing of smallholder farmers. Approximately half of the
groundnut harvest in the surveyed fields was intended for household consumption, while

approximately 25% of the harvest was sold. Nutrient-rich groundnuts increase food security
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and diversify diets by providing protein, micronutrients, and phytochemicals to resource-poor
households. Sale of groundnuts can generate high profits and bring in important income that
may also contribute to food security. Though groundnut was second to maize in terms of
household crop sales, households identified groundnut as the most profitable crop (34%) with
maize a close second (31%). The majority of households (77%) categorized themselves as “very
much” dependent on income from crop sales, thus groundnuts generate vital income for these
smallholder households.

This study presents a valuable snapshot of a growing season, but multi-year studies are
needed to fully assess the impact of groundnut on SOC and TN. There is a dearth of long-term
studies examining the effects of grain legume rotations on SOM and soil properties in SSA. |
recognize that there is a need to move beyond examination of legumes’ potential benefits to
soil and to institute trials to document changes over the long-term. Studies have mainly focused
on changes in SOC and TN, as | did here, but | recommend quantification and analysis of more
management sensitive, early indicators of SOC and N change, such as C and N within aggregates
and DOC/DON. | used literature values to construct the N balance, and, in the process, | found
few studies that examined groundnut plant total N, plant N partitioning, and N derived via BNF
in farmer fields. | also did not find studies examining high plant population density and spacing
effects on groundnut N uptake and BNF. Similarly, few studies examine the effects of farmer
practices like removal, burning, incorporation, and surface spreading of groundnut residues on
N retention in soil and N availability; | found several studies from other regions that addressed
some of these practices but no in-depth analyses from SSA. Future research is needed to

address these knowledge gaps, to gain a better understanding of groundnut’s impact on soil
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fertility and to elucidate residue management practices that maximize short-term and long-

term benefits to farmers and soil.
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Chapter 2: Organic resource flows and soil C across smallholder farms in western Uganda

Abstract

Organic inputs are key to building soil organic matter, the primary indicator of soil
health. The quantity and quality of organic materials available to smallholder farmers in sub-
Saharan Africa is often limited, as is the accessibility, time, and labor needed to transport,
manage, or apply organic inputs. Organic resources and labor are often concentrated close to
homesteads, while fields farther away, i.e., outfields, receive fewer inputs, a dynamic that can
lead to gradients of decreasing soil fertility at increasing distance from the homestead. | used
whole-farm surveys to quantify and map organic resource and nitrogen (N) flows within 19 case
study farms in western Uganda. | characterized farms by resource endowment and for each
resource group, | tracked the fate and cycling of all available, potential organic matter inputs to
soil, including household waste, animal manure, and crop residues. Home banana plantations
located directly adjacent to homesteads received the majority of organic inputs, and only a few
outfields received any additional inputs. A field-scale partial N balance was positive for home
banana plantations but negative for outfields, even those receiving potential N benefits from
legumes. Although homefields received more SOC and N inputs, they did not have higher values
than outfields, and | did not find evidence of a management gradient affecting SOC and N. The
inherently fertile, volcanic soils within the study region may obscure management impacts.
Farms were highly fragmented, and households accessed fields far from homesteads and village
centers, which affected management practices and SOC and N values. Farms with greater

resource endowments had higher yields overall and more organic resources, but better-
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resourced farms did not fully utilize available resources or have better soil, which indicates the
importance of other factors like crop timing, labor, and seed quality. estimated that farms had
enough organic materials to generate compost in quantities substantial enough to boost yields,

but the logistics of making and applying compost across the farm could be challenging.

Introduction

In areas with high population densities and favorable conditions for crop production,
such as the East African Highlands, smallholder farmers are driven to intensify agricultural
practices resulting in high rates of nutrient depletion (Nandwa and Bekunda, 1998). Farmers’
management options are often limited by the quantity and quality of resources available, e.g.,
organic inputs, fertilizer, labor, knowledge (Marinus et al., 2021). A farm’s resource endowment
impacts and is impacted by the farm’s characteristics and location within the socioeconomic
and agroecological environment, as well as the farm’s production orientation (Chikowo et al.,
2014). Farmer resource endowment is a major factor affecting the quantity and flow of
resources and nutrients within smallholder farms, and it is frequently used to categorize or
create a typology of farms (Berre et al., 2017; Falconnier et al., 2015; Gambart et al., 2020;
Kamanga, 2011; Mtambanengwe and Mapfumo, 2005; Ncube et al., 2009; Reetsch et al., 2020;
Tittonell et al., 2010, 2005a; Zingore et al., 2007b).

Differential farmer resource allocation coupled with inherent soil variability results in
soil fertility gradients and heterogenous soil fertility within and across smallholder farms in SSA
(Tittonell et al., 2013; Zingore et al., 2007a). Because nutrients and labor are often

concentrated close to the homestead while further fields receive fewer inputs, gradients of
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decreasing soil fertility can develop in fields located at an increasing distance from the
homestead (Tittonell et al., 2013, 2005a; Vanlauwe et al., 2006; Zingore et al., 2007b, 2007a).
Depleted soils impact food production and the identification of nutrient imbalances and less
fertile fields within an agroecosystem can allow for targeted soil fertility management
strategies and sustainable adaptations (Chikowo et al., 2014; Haileslassie et al., 2007).
Resource flow maps and nutrient balances highlight farmer management practices and
are effective tools to show soil nutrient gains and losses at the field and farm level, and at
larger spatial scales from district up to continental (Bekunda and Manzi, 2003; Briggs and
Twomlow, 2002; Cobo et al., 2010; de Jager, 2005; Esilaba et al., 2005; Kanmegne et al., 2006;
Lederer et al., 2015; Sheldrick and Lingard, 2004; Stoorvogel and Smaling, 1990; Tittonell et al.,
2005a). Resource flow maps track the source, movement and management strategies of
organic resources and nutrients around the farm (Briggs and Twomlow, 2002; Bucagu et al.,
2014; Esilaba et al., 2005; Ncube et al., 2009; Tittonell et al., 2005b). In conjunction with flow
maps, nutrient balances estimate the nutrient fluxes into and out of smallholder fields, and
partial nutrient balances are particularly effective at emphasizing management practices
through estimation of the visible nutrient fluxes, e.g. crop harvest, crop residue transfer,
manure or fertilizer inputs (Bucagu et al., 2014; Esilaba et al., 2005; Haileslassie et al., 2005;
Wortmann and Kaizzi, 1998). Generally, in sub-Saharan Africa (SSA) all nutrient balance studies
at all scales show negative balances for the key nutrients, nitrogen (N), phosphorus (P), and
potassium (K) (Cobo et al., 2010; Kiboi et al., 2019; Smaling et al., 1993; Stoorvogel and Smaling,
1990). At the field scale, there can be a positive nutrient balance exception for fields located

close to the homestead where nutrients are often concentrated; however, at the farm scale,
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concentration of nutrients at the homestead combined with continual nutrient removal without
adequate replenishment in outer fields leads to negative nutrient balances (Baijukya and De
Steenhuijsen Piters, 1998; Giller et al., 1997; Tittonell et al., 2005a; Vanlauwe and Giller, 2006).
Here, | document the organic resources available to smallholder farmers and explore
soil organic carbon (SOC) and total N in relation to farmer resource allocation, field distance
from the homestead, and farmer resource endowment. | present a snapshot of the dynamic
and complex resource flows and nutrients fluxes within smallholder, banana-based
agroecosystems located along the densely populated western boundary of Kibale National Park
in Kabarole District, western Uganda. | detail the socioeconomic and agroecological
environments in which the farms are situated and consider the interplay of these factors and
their influence on farmer management and decision-making. The study area encompassed
inherently fertile soils allowing for a uniqgue examination of the role of farmer management
versus the effect of inherent soil properties in relation to within-farm SOC and N gradients.
Banana is a main staple and cash crop in Uganda and within banana-based cropping systems,
banana is generally grown in ‘plantations’ encompassing or directly adjacent to smallholder
homesteads (Majaliwa et al., 2015; Wairegi and van Asten, 2010). Based on previous work in
the region and from prior studies documenting resource use and soil fertility in banana-based
agroecosystems in Uganda (Bekunda and Woomer, 1996; Bekunda and Manzi, 2003; Briggs and
Twomlow, 2002; Wortmann and Kaizzi, 1998), | hypothesized that (i) farms allocated the
majority of their resources to their homefield, i.e., the closest field to the homestead — the
home banana plantation (ii) with greater inputs of organic materials, SOC and N would be

highest in the homefields, and (iii) that farmer management and decision-making, and thus
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resource allocation and any management-induced soil fertility gradients, would vary according
to farmer resource endowment. An in-depth understanding of the organic resources available,
the allocation of those organic resources, and the impact of resource management on SOC and
N will contribute to identification of sustainable practices and adaptations to boost soil fertility

management.

Materials and Methods

Study Site

In July 2016, surveys and soil sampling were conducted at 19 farms along the western
border of Kibale National Park (KNP) in Kabarole district in western Uganda (Figure 2.1). The
surveyed farms were within six villages - Kanyawara, Kyakabuzi, Kyakabale, Rweteera,
Kyantambara, and Iruhuura, which fall along a previously established north-south transect that
lies within 5 km of the western boundary of KNP.

The study sites are located between latitude 0.56°-0.46° N and longitude 30.35°-30.30°
E and at elevations from 1400 to 1550 m above sea level. The climate is tropical with an
average daily temperature range of 15 to 23°C (Struhsaker, 1997). The region experiences
bimodal rainfall with a shorter rainy season occurring from around early March through mid-to-
late May followed by a dry period and then longer rains occurring from September through
November followed by another dry period (Hartter et al., 2012). Mean annual rainfall ranges
from 1100 to 1700 mm with rainfall decreasing and temperature increasing when moving north
to south along the elevational gradient (Struhsaker, 1997). Within the study region, mean

annual precipitation from 1981 to 2014 was 1359 mm (Figure 2.2) as calculated from monthly
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average precipitation data collected from the Climate Hazards InfraRed Precipitation with
Station (CHIRPS) resource (Funk et al., 2015) and attained through the Google Earth Engine
platform (Gorelick et al., 2018). Study area soils are classified as ferralitic sandy clay loams and
eutrophic volcanic ash.

KNP and the surrounding region lie within the Albertine Rift, a biodiversity hotspot that
comprises part of Africa’s Rift Valley (Lepp and Holland, 2006). KNP was established to preserve
and protect a remnant of transitional moist evergreen forest that is now isolated within a
densely populated agricultural landscape (Chapman and Lambert, 2000). Around the park,
there is extremely high population density that was estimated to be approximately 300
individuals km2 in 2006 (Hartter and Southworth, 2009), and to have an annual growth rate of
over 3% (Naughton-Treves et al., 2007).

Bordering KNP, the study site landscape is undulating hills, dominated by the small-scale
agriculture that is the focus of this study, as well as by tea plantations, grasslands, and
fuelwood plantations (Chapman and Lambert, 2000; Majaliwa et al., 2010). Smallholder farmers
maintain banana (Musa spp.) plantations and intercrop and/or rotate a large diversity of annual
crops, including maize (Zea mays L.), common bean (Phaseolus vulgaris L.), groundnut (Arachis
hypogaea L.), ‘Irish’ potato (Solanum tuberosum L.), sweet potato (lpomoea batatas L.), cassava
(Manihot esculenta Crantz), sorghum (Sorghum spp.), and finger millet (Eleusine coracana L).
Kabarole district, which encompasses the study site, is characterized as an area of “high

III

agricultural potential” with banana, tea (Camellia sinensis (L.) Kuntze), maize, and coffee

(Coffee spp.) among the main cash crops (de Jager et al., 2004).
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Figure 2.1. The study area lies along the western edge of Kibale National Park (KNP) in western
Uganda. Case study farms are denoted by filled circles.
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Figure 2.2. Monthly precipitation within the study region in 2015 and 2016 and the average
monthly precipitation from 1981 to 2014.
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Household surveys and socioeconomic information

A total of 19 households were surveyed in six villages: Kanyawara (n=6), Kyakabuzi
(n=4), Kyakabale (n=2), Rweteera (n=3), Kyantambara (n=2), and Iruhuura (n=2). Enumerators
translated survey questions and respondent’s answers between English and Rutooro or Rukiga,
the respective languages of the resident Batooro and Bakiga ethnic groups. Households were
approached and asked if they were willing to participate in an extensive survey of their entire
growing area, including detailed information on inputs, crop management, and crop residues.
Households that had previously participated in surveys conducted by the research team in
2013, 2014, or 2015 were preferred, and two were specifically chosen as known examples of
‘wealthy’ farms. Of the 19 households surveyed, 12 had previously participated in a survey; five
had participated in a 2015 survey on legume fields and management and seven had
participated in a one-time survey on maize fields that was conducted during 2013-2015.

Surveys included questions regarding household demographic data (e.g., members,
head of household, education level); land use and ownership; crop decisions and income; crop
storage; household waste amounts and waste management; livestock and livestock waste
management; farmer knowledge sources; general farm management; and primary production
unit management. Farmers identified primary production units or fields as land that was usually
managed uniformly as a single unit. For each field, | gathered crop information including seed
amount, planting and harvesting date, yield, yield use (household needs, saved, sold), crop
condition, amount of crop loss, residue management, and the use of any inputs, and their
guantity and application. In addition to obtaining the crop yield and management data for the

first 2016 cropping season (approximately March to September 2016), | collected yield data and
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management history for the two prior primary cropping seasons (August 2015 to February
2016, March 2015 to September 2015 — this latter season was the focus of previous surveys in
2015). Three households were unable to provide complete historical field crops data; one
farmer was time limited (the farmer with the most fields (10)), and two households were
unable to remember some of the previous yields. All responses were farmer recall.

Farms were classified into three relative resource groups based on socioeconomic
factors provided in the surveys: better (RG1), average (RG2), and poorly-resourced (RG3)
(Bucagu et al., 2014; Chikowo et al., 2014; Ncube et al., 2009). | assigned a numerical value to
assets including homestead dwelling (based on construction type, 1-4 with 4 being concrete),
livestock (total livestock units (TLU); cattle=0.7, goats=0.1, pigs=0.2, chickens=0.01 (Jahnke,
1982), and use of hired labor ( “1” if they used hired labor and “0” if not); | summed these
values with the total farm size in hectares to create a continuous variable used to classify farms

based on the interquartile range (Hockett and Richardson, 2018).

Mapping and geographic data

To determine field size and distance from the household, a handheld Garmin GPS 62s
unit was used to mark homestead and field locations and to make a track around the perimeter
of each field. GPS data was retrieved from each of the units and input into ArcGIS 10.4 to map
the household locations, field locations, and field perimeter track. Using ArcGlIS, | determined
field size by calculating the area within the perimeter track, and | measured the Euclidean

distance between the homestead and fields.
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| categorized the banana plantation directly adjacent to the homestead as the
homefield, fields within 50 m of the homestead as “close” fields, fields between 50 and 100 m
as “mid-distance” fields, while those further than 100 m were categorized as “remote” (Zingore
et al., 2007a). Close, mid-distance, and remote fields were further grouped for analysis as outer
fields in comparison to the homefield. The terrain of the study region and the slope of each
field was derived using the NASA Shuttle Radar Topography Mission (SRTM) 30 m digital
elevation model (DEM). Field location and accuracy were cross referenced using Google Maps

and Google Earth Pro.

Resource flow maps and partial N balances

Resource flows and partial N balances were constructed using farmer-reported yields,
inputs, and residue management practices, in conjunction with my own measurements and
with values from the literature (Table 2.1). Literature values were primarily drawn from
experiments or research conducted in low-to-no input agroecosystems in Uganda or from on-
farm or experiment station plots with no added fertilizer; however, if these data points were
lacking, | used values from similar agroecosystems within the East African region and then, if
necessary, from other tropical agroecosystems (Table 2.1).

Farmers reported fresh weight or air-dried yields/organic matter amounts in kilograms
(kg) or local units (bags, basins, baskets, bundles), for which | established standard values. A
portable scale was taken to some of the farms to establish weights for yields and residues. Local
unit weights for marketed crops were also verified at local markets and with local traders. The

time frame for the organic material flows and the nutrient balance covers the first rainy season
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of 2016 (March to August). Banana yields were predominantly reported as number of bunches
per season or per day/week/month as bananas are largely harvested year-round for household
consumption. Based on published bunch weights from unfertilized, low-input banana
plantations, | used 15 kg as a standard weight conversion for bunches (Bekunda and Woomer,
1996; Wairegi and van Asten, 2010). The yield ha™ of each individual crop was calculated as the
reported yield divided by the GPS-determined field area and multiplied by an estimation of the
fraction of total area occupied by the crop (Fermont and Benson, 2011; Tittonell, 2003). Crop
parameters, including dry matter and N content, harvest index (Hl), and N fixation values, were
taken from the literature and my own measurements (Table 2.1). Crop yields were converted to
dry weight and the HI (Table 2.1) was used to calculate residue biomass. | did not estimate
banana, coffee, or Irish potato residues as these always remained in the field. Residue biomass
was calculated as:

Residue (kg ha'l) = Harvested yield (kg ha)/(HI - Harvested yield (kg hat)) (Eq.1)

Using published N values, | calculated the N contained in the harvested dry weight and
in the estimated residue dry yield, and for legume crops, | estimated the amount of N derived
through biological N fixation (BNF) (Table 2.1). If there was a net N input from legume
aboveground biomass after subtracting harvested grain yield, it was classified as an organic N
fertilizer input. If legume residues were removed from a field, then only the soil N contained
within the residues was considered an N output.

The partial N balance was calculated for each field (kg ha™') by subtracting the total N
removed in the harvested product and crop residues from the total N added to the field

through inputs of animal manure, household waste, compost, crop residue, and BNF.
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N Balance = INPUTS (animal manure + household waste + compost + crop residues + BNF) —

OUTPUTS (harvested product + crop residues removed or burnt) (Eq.2)

Table 2.1. Nutrient content and values of crops, animal manure, household waste and compost
used to construct the organic material and N flows and N balances.

Dry
Crop matter HI Product N Residue N BNF Source
% % % %
Banana 25 na 0.26 na Belayneh et al., 2014; Wortmann and Kaizzi, 1998
Beans 38 04 33 104 05 Wortmann and Kaizzi, 1998; current study; Ojiem et
al., 2007
Nijhof et al., 1987; current study; Stoorvogel &
G dnut 93 0.2 4.5 2.03 0.7
roundnu Smaling, 1990; Ojiem et al., 2007
Cassava 35 0.39 0.26 0.93 Fermont et al., 2007
Sorghum 88 0.22 1.63 0.56 Kaizzi et al., 2012
Maize 88 0.24 1.57 1 Kaizzi et al., 2012
Tumwegamire et al., 2011; Wortmann and Kaizzi,
Sweet Potato 30 0.5 0.6 1 1998; Abidin et al., 2017
. Kesiime et al., 2013; van den Bosch et al., 1998;
Irish 2> 0.6 3.38 na Haverkort and Harris, 1987.
Millet 88 0.2 2.3 0.126 van den Bosch et al., 1998
Coffee 87 na 1.5 na Cheyns et al., 2006; Wortmann and Kaizzi, 1998

Livestock manure

Farmers reported livestock manure inputs in local units or kg per unit of time (day,

week, month, or season), and these values were converted into kg ha season by considering

the field area where applied. Several farmers reported manure usage as a percentage of the

manure produced over one season by each livestock species. Manure production percentages

were similarly converted into kg ha* season® by multiplying literature values for animal

excretion rates by the quantity of livestock; this value was then reduced by 50% to account for

incomplete manure collection, losses to grazing areas, and dry matter loss over time when
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stored uncovered (Table 2.2)(Rufino et al., 2007; Wortmann and Kaizzi, 1998). | used published
N values to determine the N content of the livestock manure for each type of livestock (Table
2.2), and the N content of the manure was similarly reduced by 50% to approximate N loss

through processes such as leaching and volatilization.

Table 2.2. Nutrient content and values of animal manure used to construct the organic material
and N flows and N balances.

Animal manure Dry matter production C N Source

kg/animal/season % %
Cattle manure 300 29.1 1.3 Sileshi et al., 2017; Fernandez-Riviera et al., 1995
Goat manure 45  29.7 1.7 Sileshi et al., 2017; Fernandez-Riviera et al., 1995
Pig manure 165 36.3 1.9 Sileshi et al., 2017; Ngwabie et al., 2018
Chicken manure 4 33.7 1.8 Sileshi et al., 2017; ASAE, 2005

Household waste

Household waste data was calculated using respondents’ estimates for waste
generation reported in local units for a period of time, e.g., one basin per week. Household
waste data included estimates for kitchen peelings and food scraps, cooking ash, and crop
residue components that are commonly dealt with at the household, such as banana peels,
groundnut shells, maize cobs and husks. For each type of waste, respondents said how and
where the waste was applied and most gave a percentage of use, e.g., 100% spread as mulch in
the banana plantation. | quantified waste or compost applied to a specific field on an area basis
and reported it as kg ha. The N content for each type of waste and for compost was computed

using values from the literature (Table 2.3).
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Table 2.3. Nutrient content and values of household waste and compost used to construct the
organic material and N flows and N balances.

Household Waste & Compost N  Source
%
Kitchen peelings & food scraps 1.10 Wortmann & Kaizzi, 1998

Groundnut shells 1.47 Promsakha et al., 2000
Banana peels 1.05 Kalemelawa et al., 2012
Maize cobs 0.6 Barbosa et al., 2016

Maize husks 0.5 Barbosa et al., 2016
Cooking ash 0.15 Wortmann and Kaizzi, 1998
Compost 0.4 Bekunda and Manzi, 2003

Soil and residue samples

Soil samples were collected from each field that was identified and managed by the
household. The soil was sampled to a depth of 15 cm using a 2-inch diameter soil probe. Three
soil samples were taken at random locations within each field, and the samples were combined
to create one composite sample for each surveyed field.

A small number of plant residue samples, maize (n=3), groundnut (n=4), bean (n=2), and
elephant/Napier grass (n=1), were collected from random fields.

Soil and plant samples were air-dried in Uganda and shipped to Michigan State

University in MI, USA for analysis.

Organic C and total N analysis

Soil and plant samples were run on an elemental analyzer (ECS 4010, Costech Analytical
Technologies, Inc., Valencia, CA, USA) to determine organic C and total N by dry combustion.
Soils were prepared for analysis on the C/N analyzer by first sieving to less than 2 mm and
weighing a 5 g subsample of each soil into 20 ml scintillation vials. The air-dried subsamples
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were oven-dried at 60°C for 24 hours. Oven-dried soils were ground on a roller mill and
subsamples weighing approximately 20 mg were packed into tins that were then loaded into
the elemental analyzer. Plant samples were prepared for the elemental analyzer by dividing
into stem, leaf, and root components, and then cutting into small pieces that were dried,

ground, packed, and analyzed as described above.

Data Analysis

Data were analyzed for descriptive statistics and frequencies using STATA/IC 14.2

statistical software (StataCorp, College Station, TX)

Results

A total of 19 farms and 90 fields were surveyed with 85 fields visited and soils sampled
(Table 2.4). | was unable to visit five fields, all identified by farmers as extremely remote; two of
the farmers (each with two rented fields) feared that by visiting the fields, the landowners
might think they were trying to sell the land, and one respondent did not have time to
accompany us to a newly acquired, distant plot. For these fields, | used farmer-estimated field
areas and distances. Two of the households that had participated in a previous survey were no
longer cultivating fields that had been surveyed one year prior in 2015 (one plot was no longer
rented out by the farmer and one plot was being rented to another household), and for these, |
used harvest data and field measurements from the 2015 surveys.

Five farms were classified as better resourced (RG1), nine were average (RG2), and five
farms were poorly resourced (RG3) (Table 2.5). Farms ranged in size from 0.04 to 1.59 ha with a

mean of 0.54 ha and were comprised of one to 10 fields distributed across the hilly landscape
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(Table 2.4). Most homesteads were located along or close to roads or thoroughfares following
hilltop ridgelines. Fields varied in size from 0.01 to 0.44 ha and were located at varying
distances from the homestead (0-1770 m) with a median distance of 67 m and a mean of 253 m
(Table 2.4). The number of home, close, mid-distance, and remote fields differed by farm and
among resource groups (Table 2.6). All homesteads were directly adjacent to a household
banana plantation, except for two RG3 farms, one of which had an inherited banana plantation
distant from the homestead and the other did not own or manage a banana plantation. The
majority of farms were highly fragmented within the landscape and only one farm had entirely
contiguous fields, though it was one of the poorest farms with small fields around the
homestead (one household only had one field - a home banana plantation with intercrops).
Slightly more than half of the farms owned all their fields, while nine out of the 19 farms
managed at least one field that was rented or unowned, and at least one farm in each resource
group rented a field (Table 2.4). Banana plantations were solely located on land owned by the
household, i.e., with secure land-tenure, as was coffee, a high-value crop. Fields owned by
households were located an average 119 m from the homestead, while the average distance for
rented fields was 555 m from the homestead.

All farms practiced crop rotation and intercropping with the mean number of crops per
field lowest for RG1 and highest for RG3 farm (Table 2.5). On average, RG1 farms were larger,
had more fields, and cultivated a greater diversity of crops, though the mean field size of RG2
farms was larger (Table 2.5). Livestock ownership (TLUs) was generally low for all farms (Tables
2.4 and 2.5). RG1 farms owned the most livestock and only RG1 farms owned cattle, but they

did so at very low numbers of one, three, and seven cattle, respectively, for three farms. Five
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farms, two RG1 and three RG2, kept pigs at a mean of 1.5 pigs per farm. Chickens and goats
were more common with 58% and 47% of all farms keeping them, but similarly at low numbers
with an average of 6.5 chickens and 5.4 goats. All farms with chickens and goats applied the
manure to their fields, but only two of three farms with cattle applied cattle manure, and just

two of the five farms with pigs used the pig manure. No animal manure was sold.

Twelve households (63%) hired labor to work on the farm with 100% of RG1, more than
three-quarters of RG2, and none of the RG3 farms employing off-farm laborers (Table 2.5).
Hired laborers worked in all fields managed by RG1 farms. While this was similar for two RG2
farms, the remaining five RG2 farms only employed laborers in a single field, and for four out of
the five RG2 farms it was a remote field containing maize. All fields were worked manually with
hand hoes and were rainfed. Fields were typically weeded one to two times each season and
weeds were heaped and spread in the field, although one RG2 farm reported removing weeds
from outfields to use as mulch in the banana plantation.

Crop yields in the study region were mostly within the range of values reported for
Kabarole district, western Uganda, and Uganda as a whole (Table 2.7) (UBOS, 2010). For farms
within all resource groups, maize yields were much lower than yields reported for the district,
region, or Uganda as a whole (Tables 2.7 & 2.8). More than half of the farms (53%) said that
maize yields were fair or poor because of drought. Based on rainfall for the 2016 first rains
season, it appears that there was less rainfall prior to the season start in February and then
lower than average rainfall in May, June, and July (Figure 2.2). Bean and casava yields were also

low compared to district yields and closer to regional and national values.
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All households except one reported that they tried to increase their soil fertility. All

farmers recognized that crop residues could be beneficial and made statements that crop
residues “decompose and turn into soil”,
manure to the plants.” The word ‘manure’ was used as an encompassing term for something

that adds fertility, and in addition to animal manure, compost was referred to as compost

{

“manure” and decomposing residues were understood to add “manure.”

Table 2.4. Case study farm and household (HH) characteristics.

“improve the soil”, “add manure to the soil”, or “add

Mean Mean Farm is
Total Mean Total Mean distance Mean  farmm  Mean HH main

Resource farm Total field crop Crops hometo Land farm  total farm soil mem- HH head Hired income Crops Crops Crops
group® Farm®  size fields size species field™ field owned SOC  soilN C:N  TLU® bers gender Labor source forHH saved sold
ha n ha n n m % pgkg~ gk # # % % %
BL2 1.9 10 0.16 8 1.6 232 100 65.63 447 1471 396 6 man yes yes 40 20 40
1 0.29 5 0.06 11 34 28 100 63.26 4.23 15.01 1.76 5 woman yes yes 53 10 37
RG1 KZ1 098 7 014 10 2.0 89 57 6855 481 14.01 052 5 woman yes yes 56 10 34
™2 0.73 5 0.15 9 2.2 25 100 53.26 344 15.49 5.28 11 man yes yes 33 11 56
YA3 021 6 0.04 9 1.2 57 100 42.64 297 14.40  0.27 6 woman yes no 92 8 0
BL1 0.64 4 0.16 5 1.8 107 75 68.01 4.80 14.29 0.8 3 woman yes yes 80 2 18
w2 1.19 4 0.30 9 5.5 972 50 5085 3.22 15.81 0.16 11 man yes yes 40 9 51
KZ2 039 2 029 3 2.0 368 50 7475 5.30 14.14 0.4 9 man yes yes 63 7 30
KZ3 092 6 0.16 7 1.5 108 100 83.67 5.65 14.79 ] & woman yes yes 50 5 45
RG2 KZ4 0.28 4 0.07 6 1.5 193 75 7162 4.68 15.23 0.6 2 man yes yes 48 16 36
Rw1l 1.01 7 014 8 1.6 264 100 4378 311 14.14 ] 13 man yes yes 38 17 46
RwW3 027 4 0.07 5 1.5 279 20 46801 3352 13.05 0.1 4 man no yes 63 3 34
Ya4 023 4 0.06 6 2.5 59 25 40.64 293 13.88 041 7 man yes no 95 ] 5

YAS5 035 4 0.09 10 1.8 51 100 36.99 257 1456 2.07 9 man no no 94 6
Rw2 042 3 014 6 2.7 1668 33 7504 448 16.81 0.03 3 man no depends 52 13 35
™1 025 3 0.07 7 3.0 567 20 39.08 3.25 11.30 0.06 8 man no no 73 14 13
RG3  ya1 o018 3 006 8 23 47 100 5200 396 13.12 0 4 woman no no 81 5 10
YA2 0.04 1 0.04 4 4.0 5 100 3991 295 13.53 0.1 3 woman no no 100 ] ]
YAG6 0.10 3 0.03 4 1.3 10 100 4074 2.79 14.61 0 3 woman no no 94 0 6
Total 054 4 012 711 228 270 74 55.61 3.85 14.39  0.87 6.32 66 8 26

a RG1 = better resourced; RG2 = average; RG3 = poorly resourced

b Farm 1D reflects location by village: Kyakabale (BL), Iruhuura (IU), Kyakabuzi (KZ), Rweteera (RW), Kyantambara (TM), Kanyawara (YA)
¢ TLY, total livestock units: cattle=0.7, goats=0.1, pigs=0.2, chickens=0.01 (Jahnke, 1982)
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Table 2.5. Mean characteristics of the relative farm resource groups: RG1, better resourced;
RG2, average; RG3, poorly resourced.

Land Mean Farmis
Total planted Distance Mean farm Mean main  Crops

Resource Farms farm fields Field Fields crop Crops land  Banana to hometo farm total farm Hired income for Crops Crops
group RG' size RG" size farm™ species field? owned plantation banana field SOC soilN C:N TLU labor source HH saved sold

n ha n ha n n n % (ha) % m % % % n % % % % %
RG1 5 076 34 011 66 9.4 2.1 97 0.30 25 86 596 0.40 14.75 2.36 100 80 55 12 33
RG2 9 054 41 0.15 43 6.6 2.2 67 0.20 37 267 5.77 0.40 1436 050 78 78 63 7 29
RG3 5 019 15 0.07 26 5.8 2.7 72 0.06 44 459 5.08 0.36 14.07 0.04 O 0 80 7 13
Total 19 054 90 0.12 5 7.1 2.3 74 0.16 34 270 55.61 3.85 14.39 0.87 63 58 66 8 26

Table 2.6. Average field area and distance from the homestead +SE, and the most frequent
crops by field type, averaged by farm resource group.

Mid-distance Remote
Homefields Close fields fields fields

RG1 (n) 5 13 6 10

Average area (ha) 0.20+0.06 0.07 £0.02 0.15+0.06 0.10+0.03

Average distance (ha) 3.9+0.9 31+5.3 101+12 429 + 150
Most frequent crops (%) Banana 100 Maize 38 Maize 33 Maize 40
Coffee 40  Irish potato/ 23 Irish potato 33 Groundnut 30

groundnut

RG2 (n) 9 10 8 14

Average area (ha) 0.20+0.04 0.09+0.02 0.09+0.02 0.18 +0.04

Average distance (ha) 3.8+0.4 51+10 83+11 229+ 56
Most frequent crops (%) Banana 100 Maize 60 Maize 63 Maize 64
Beans/ 33 Sweet potato 40 Beans 25 Beans 43

cassava/Coc

RG3 (n) 3 4 1 7

Average area (ha) 0.06+0.03 0.04 +0.004 0.10 0.08 +0.03

Average distance (ha) 5.8+1.7 21+7 78 1120+ 214
Most frequent crops (%) Banana 100 Sweet potato 50 na Maize 72
Cocoyam 50 Beans 43

Total average area (ha) 0.17+£0.03 0.07+£0.01 0.12+0.03 0.13+0.02

Total average distance (ha) 4.2+0.45 37+5 90+8 670+ 96
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Table 2.7. Mean crop product yield and stover yield (fresh weight) with respective product N
and stover N (dry weight), percentage of crop product used by the household or sold, N input
from legume BNF, and percentage of stover retained, burnt in the field, used as banana mulch,
fed to livestock, or burned as firewood. Mean values are reported for all farms. National survey
first season mean yields for Kabarole district, western Uganda, and all of Uganda, are included
as a comparison (UBOS, 2010).

All farms National survey seasonal yields
Crop Yield Stover Legume N
Crop for  Crop Kabarole Western
count Mean ProductN HHuse forsale Mean Stover N N input district region Uganda
n kg ha™ kgha™ % % kgha kg ha-1 kg ha-1 kgha-1 kgha-1 kgha-1

Banana 21 9539 + 1031 6+ 0.7 79 17 na 8952 5954 4981
Beans 18 812+ 133 24+ 39 74 12 1218+ 199 12+ 1.8 5.7+ 1.1 2117 1703 1505
Cassava 10 2611 + 354 2+ 03 83 22 4084 + 553 13+ 1.8 7032 3352 3321
Coffee 4 1854 + 636 4+ 14 0 100 na na 1330 705
Groundnuts 15 1004 + 187 42+ 7.8 43 30 4016+ 746 75+ 139 397+ 74 1926 867 709
Irish 11 5763 +£1021 14+ 2.6 42 24 na 7322 5181 4714
Maize 33 1322 +173 18+ 2.4 79 21 3994 + 437 35+ 3.8 8195 2639 2329
Millet 3 1093 + 132 22+ 2.7 41 46 4371 + 527 5+ 0.6 5760 1508 1108
Sorghum 3 770+ 304 11+ 4.4 100 0 2731+ 1079 13+ 5.3 1274 1363 941
Sweet Potato 11 7772+1332 14+ 24 75 17 7772+ 1332 23+ 4.0 8101 3010 4131
Cocoyam 6 1625+ 707 - 100 0 na
Sugarcane 1 863 - 100 na
Fallow 3
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Table 2.8. Mean crop product yield and stover yield (fresh weight) with respective product N
and stover N (dry weight), percentage of crop product used by the household or sold, N input
from legume BNF, and percentage of stover retained, burnt in the field, used as banana
plantation mulch, fed to livestock, or burned as firewood. Mean values are reported by

resource group: RG1, RG2, and RG3.

RG1
Crop Yield Stover Legume N Stover use
Fields
with Crop for Crop for Banana
crop Mean Product N  HH use sale Mean Stover N N input Retained Burnt mulch Livestock Firewood
n kgha™ kgha™ % %  kgha' kg ha-1 kg ha-1 % % % % %
Banana 7 9121 + 1179 6+0.8 63 18 na 100
Bean 4 1320 + 368 38 + 10.7 61 12 1980 + 553 20+ 4.6 9.4+34 25 75
Cassava 2 1687 £ 90 2+01 63 25 2639 £ 141 9+ 0.5 0 100
Coffee 3 1695+ 871 4+20 0 100 na 100
Groundnut 7 1404 = 289 59+ 12.1 30 41 5616 + 1154 104 + 21.5 555+ 114 100
Irish 5 6792 + 1315 17+ 3.3 42 35 na 100
Maize 9 1471+ 473 20+ 6.5 78 21 4024 + 1001 35+ 89 45 55
Millet 2 999 + 160 20+ 3.2 50 33 3515 £ 562 4+0.7 100
Sorghum 1 1379 * na 20+ na 100 0 4302 + na 24 + na 0 100
Sweet Potato 4 10321 + 2295 19+ 4.1 70 26 10321+ 2295 31+ 6.9 80 20
Cocoyam 1 459 - 100 0 na 100
Sugarcane 1 863 - 100 0 na 100
Fallow 1
Eucalyptus 1
RG2
Crop Yield Stover Legume N Stover use
Fields
with Crop for Crop for Banana
crop Mean Product N HH use sale Mean Stover N N input Retained Burnt mulch Livestock Firewood
n kg ha™ kg ha™ % % kg ha™ kg ha-1 kg ha-1 % % % % %
Banana 10 10483 + 1420 7+09 82 19 na 100
Bean 11 630+ 133 18 + 3.9 76 17 945+ 200 9+19 4.6+ 1.1 24 75
Cassava 5 3545+ 330 3+03 83 33 5545+ 517 18+ 1.7 80 20
Coffee 1 2331%na 5+ na 0 100 na 100
Groundnut 6 745+ 223 31+93 55 24 2981 + 893 55+ 17 29.5+ 8.8 83 17
Irish 4 5946 + 2186 15+ 5.5 31 22 na 100
Maize 19 1201 + 165 17+ 23 83 22 3802 + 522 33+5.0 70 5 25
Millet 1 1281+ na 26 + na 23 71 4510 % na 6+ na 100
Sorghum 2 466 = 14.57 7+0.2 100 0 1454+ 45 8+03 50 50
Sweet Potato 5 4317 + 1027 8+1.9 100 0 4317 + 1027 13+ 3.1 40 20 40
Cocoyam 2 1557 + 964 - 0 na 100
Fallow 1
RG3
Crop Yield Stover Legume N Stover use
Fields
with Crop for Crop for Banana
crop Mean Product N HH use sale Mean Stover N N input Retained Burnt mulch Livestock Firewood
n kgha™ kgha™ % %  kgha™ kg ha-1 kg ha-1 % % % % %
Banana 4 7909 + 3934 5+ 26 92 8 na 100
Bean 3 802+ 265 23+ 7.7 100 0 1204 + 398 14+ 2.4 4.7+ 2.9 75 25
Cassava 3 1669 + 238 2+0.2 94 6 2611+ 372 9+1.2 25 75
Coffee 0
Groundnut 2 380+98 16+ 4.1 48 17 1522 + 391 28+ 73 15+ 3.9 50 50
Irish 2 2823+ 154 7.00+ 04 56 11 na 100
Maize 5 1527 + 348 21+ 48 62 33 4835+ 1106 43+9.7 40 40 20
Millet 0
Sorghum 0
Sweet Potato 2 11312 + 181 20+ 0.3 58 30 11312 + 181 34+ 0.5 0 100
Cocoyam 3 2147 + 1308 na 100
Fallow 1
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Organic resource and N flows

Flow maps show the seasonal flow of organic materials and N across the farms,
highlighting the flow of resources within the farm, the substantial flow of resources out of the
farms, and the lack of corresponding flows of resources into the farms. Harvested products
from the outfields and homefields comprised the main organic resource flows for all farm types
(Figures 2.3, 2.4, 2.5). RG1 farms transferred the highest quantity of organic materials and N
off-farm through crop sales, while RG2 and RG3 averaged somewhat similar crop sale N flows.
However, RG1 farms sold the highest proportion of their harvested products at 33%, RG2 sold
29% and RG3 farms sold 13% (Table 2.5). Crop residues were transferred from outfields to the
home banana plantation within farms of all resource groups, though the average quantity of
residues transferred was highest for RG1. Crop residues were applied as mulch to control
weeds and add fertility to home banana plantations in 73% of farms; almost all RG1 and RG2
farms applied residues, while only one RG3 farm did (Figures 2.3, 2.4, 2.5). The residues most
commonly used as banana mulch, either singly or in combination, were bean (86%) and maize
(57%) residues (Table 2.8).

Across resource groups, few farms transported residues to the homestead to use as
firewood (Figure 2.6). Several RG2 and RG3 farms burned maize and/or groundnut residues in
the field, and for those that did there was significant organic matter and N lost through
burning. One RG2 household stated that they burned maize residues because it cost too much
money to transport them. Not captured in the flow maps is the fact that 37% of households
(one from RG1, five RG2, and one RG3) reported they occasionally burned their fields;

approximately half of those farmers resorted to burning to get rid of unwanted grass
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(elephant/Napier grass or spreading grasses like couch grass), while half burned maize fields to
make field preparation easier.

Banana residues and residues from all crops intercropped with bananas remained in the
banana plantation and were used as mulch. The majority of households reported throwing
household waste into the home banana plantation, as well as tossing daily yard sweepings
containing chicken and goat droppings into the plantation (Figure 2.3). As banana is the staple
crop, banana peelings constitute a large percentage of household waste, though these were not
considered as an input if they were returned to the banana plantation.

Compost was rarely made and employed. Four farms, one RG1 and three RG2 farms,
reported adding household waste to compost and then three used compost on the home
banana plantation, with one farm adding it to a close field. Household waste was used to feed
livestock on RG1 and RG2 farms, but not on RG3 farms where chickens and goats were fed crop
residues, tethered, or were free-range foragers. Groundnut shells and maize cobs were the
main components of household waste that were burnt, while cooking ash was a waste that was

often heaped in one spot (Figures 2.3, 2.4, 2.5).
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Figure 2.3. Organic resource and N flow maps for better resourced (RG1) smallholder farms
located next to Kibale National Park in western Uganda for the first rains season in 2016. The
arrow lines indicate the flow direction, and the number values show percent of resource
transferred/amount of N transferred/number of farms transferring the resource. The total
biomass, yields, residues, and livestock manure are reported on a dry weight basis while
household waste is reported as fresh weight. Green arrows represent an input into a field. Red
arrows indicate outputs. Gray arrows represent flows that are uncertain as to input status.
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Figure 2.4. Organic resource and N flow maps for average resourced (RG2) smallholder farms
located next to Kibale National Park in western Uganda for the first rains season in 2016. The
arrow lines indicate the flow direction, and the number values show percent of resource
transferred/amount of N transferred/number of farms transferring the resource. The total
biomass, yields, residues, and livestock manure are reported on a dry weight basis while
household waste is reported as fresh weight. Green arrows represent an input into a field. Red
arrows indicate outputs. Gray arrows represent flows that are uncertain as to input status.
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Figure 2.5. Organic resource and N flow maps for poorly resourced (RG3) smallholder farms
located next to Kibale National Park in western Uganda for the first rains season in 2016. The
arrow lines indicate the flow direction, and the number values show percent of resource
transferred/amount of N transferred/number of farms transferring the resource. The total
biomass, yields, residues, and livestock manure are reported on a dry weight basis while
household waste is reported as fresh weight. Green arrows represent an input into a field. Red
arrows indicate outputs. Gray arrows represent flows that are uncertain as to input status.

N Inputs and partial N balances

None of the farms used inorganic fertilizers. N from organic inputs, which included crop
residues, animal manure, household waste, and compost, were applied to the home banana
plantations for all resource groups and contributed an average of 87, 72, and 35 kg N ha-1to
RG1, RG2, and RG3 home banana plantations, respectively (Figure 2.6A). Two RG1 farms added

animal manure and one added compost to close fields (Figure 2.6A). The only remote fields to
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receive any organic inputs were two remote banana plantations owned by the largest RG1
farm, and these fields received maize and bean residues from nearby outfields (Figure 2.6B).
Outfields, but not homefields, received N input from legume BNF, which specifically reflects the
input from groundnut BNF as the estimated 50% N fixation rate for common bean (Table 2.1)
resulted in low-level soil N mining rather than N addition once grain removal was factored in
(Figure 2.6B and Table 2.8). Despite the N input from groundnut BNF, outfields for all resource
groups exhibited negative N balances (Figure 2.6C). Home banana plantations, on the other
hand, had positive mean N balances for all resource groups, with the balances for RG1 and RG2
more than two times greater than RG3 (Figure 2.6C). Farm scale N balances would be strongly
negative for farms of every resource group, as is made evident by the resource flow maps with

their many substantial N flows out of the farms and extremely scarce N inputs into the farms.
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Figure 2.6. (A) Organic N inputs and (B) Organic N and BNF inputs into case study fields
categorized according to their distance from the homestead and by farm resource group (RG1,
RG2, RG3). Organic inputs included crop residues, household waste, compost, and manure. The
(C) N balance is the N inputs (organic + BNF) balanced with the N lost through grain harvest and
removal of crop residue (removed from the field or burned). Bars represent means and error
bars +1 SE.
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SOC and N gradients within the farm

SOC and N did not exhibit consistent trends across farms when analyzed by distance
from the homestead. SOC and N varied by village location with farms in Kyakabuzi, and
Kyakabale having higher SOC and N than farms in Iruhuura, Rweteera, Kyantambara, and
Kanyawara (Figure 2.7). SOC and N showed a slight decrease with increasing field distance from
the homestead for farms in Iruhuura and Kyantambara. There was also an opposite trend, a
slight increase further from the homestead, for farms in Rweteera, Kanyawara, and Kyakabuzi.
Farms in Kyakabale had similar SOC and N over distance from the homestand. C:N values
trended moderately upward at an increasing distance from the homestead for farms in
Iruhuura, while farms in Kyantambara had decreasing C:N in fields further away. There was no
obvious SOC and N gradient from homestead to outfields and the trends that were more visible

showed the opposite trend — SOC and N increasing in fields further from the homestead.
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Figure 2.7. (A) Soil organic C, (B) total soil N, and (C) C:N in relation to the absolute distance
from each field to the homestead within the six villages along KNP. To standardize the relative
field distances from the homestead across farms of different sizes, the absolute distance to a
field was divided by the maximum distance from homestead to field within a farm (after
Tittonell et al., 2007).

93



Discussion

| found that farms of all resource endowments allocated the majority of their resources
to home banana plantations, but despite the high relative transfer and input of organic
resources into the homefields (Figures 2.3, 2.4, 2.5) and their resulting positive nutrient
balances (Figure 2.6), home banana plantations did not have higher SOC or N than outfields
(Figure 2.7). SOC and N gradients did not appear to be connected to resource endowment or
resource flows (Figure 2.7). Within the study region, the inherent soil fertility appears to be the
predominant factor affecting soil heterogeneity as there are clear differences in SOCand N
based on farm location but unclear variation in soil fertility within farms (Figure 2.7). Though
not reflected in SOC and N, resource allocation and crop management varied within farms and

according to farm resource endowment.

Organic resource flows and partial N balances: quantity, quality, and limitations

Organic resource flow maps showed that home banana plantations received the most
organic matter inputs, while outfields had few input flows coupled with large output flows,
indicative of SOM mining (Figures 2.3, 2.4, 2.5). Flow maps highlighted important nutrient
inputs from animal manure, household waste, and crop residues, but each of these nutrient
flows come with caveats. Animal manure is a valuable resource as it provides organic matter as
well as N, P, K and many other elements (Hoffman et al., 2001). However, manure often
provides these nutrients in low amounts in SSA, reflecting the generally poor diets of the
animals (Eck and Stewart, 1995). Collection and storage of manure greatly impacts manure

composition, with large differences between covered and uncovered, composted and

94



uncomposted manure (Palm et al., 2001). Timing and method of application also affect manure
benefits (Giller et al., 1997). As noted previously, goat and chicken manure were often
“thrown” into the plantation as yard sweepings, rather than being deliberately applied.
Household waste was similarly described as being “thrown” into the plantation, not spread or
incorporated.

Conversely, crop residues were purposefully spread as mulch to control weeds and
improve soil fertility in the banana plantation. Crop residues contributed greater quantities of
organic material but with less concentrated N than manure or household wastes, except at the
highest application amounts as seen for RG1 farms (Figure 2.3). However, transferred crop
residue inputs come at the expense of another field’s soil fertility and thus are not a sustainable
option. All farmers reapplied banana residues, consisting of stalks and leaves, as mulch to the
banana plantation, which is a practice that retains important organic materials, but could also
increase the prevalence of pests and disease (Bekunda and Woomer, 1996). A study in southern
central Uganda found that farmers reported the largest bunch weights (~20 kg bunch!) when
they applied a combination of banana residues, field crop residues, and cattle manure to the
banana plantation (Bekunda and Woomer, 1996). Notably, in my calculations all organic inputs
except for groundnut residues were estimated to have less than 2% N, which means that upon
application they may initially cause N immobilization and potentially have a negative effect on
crop growth (Palm et al., 2015; Sileshi et al., 2017).

| calculated a positive partial N balance for the home banana plantation for all levels of
farm resource endowment. It is important to note that the partial N balance did not account for

N loss through volatilization, leaching, or erosion, or N gains from erosion or deposition.
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Wortmann and Kaizzi (1998) calculated full nutrient balances for smallholder farms and fields in
central and eastern Uganda and determined that the full balance for banana plantations, which
similarly received organic inputs, would be close to neutral. However, Wortmann and Kaizzi
(1998) assumed that an average household produced 20 and 100 kg year™ of ash and
household waste, respectively; household waste was not defined and no data or
measurements were provided to justify this assumption. From farmer-reported values, |
estimated a much higher value of 5790 kg year of household waste and ash. My estimates for
household waste are closer to the 9200 kg year? of household waste reported by Briggs and
Twomlow (2002), who assumed that a typical household produced two basins of peelings (1
basin = 15 kg) and one basin of sweepings (1 basin = 10 kg) per day. Differences in classification
of household waste may account for these large discrepancies. This highlights the importance
of well-defined components for resource flow and nutrient balance calculations in order to fully
capture and accurately estimate inputs and outputs.

The flow maps and N balances revealed that within farms of all resource types, there are
still underutilized organic resources available. To fully utilize or enhance available resources,
households could: refrain from burning any residues; employ all their household waste instead
of burning or heaping it on one spot; employ all manure; make nutrient-rich compost; or grow
more groundnut or other legume crops that can contribute substantial N. Human waste is
another resource that has been considered as a potential input in several studies, but utilizing
human waste presents other serious challenges and limitations (Andersson, 2015; Lederer et
al., 2015). Fully employing available resources requires altering or adopting management

practices, which may be difficult, and even if farms maximize their organic resources, the
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conundrum remains of how to manually distribute organic resources across a fragmented farm
landscape and to ensure that soil nutrient stores are adequately replenished. As acknowledged
above, the nutrient composition of organic resources can be highly variable due to
environmental and management factors, making it difficult to know whether organic inputs can
meet the nutrient requirements, particularly N, necessary for crop production and maintenance

of soil fertility.

Impacts of farm resource endowment on organic resource flows and soil fertility gradients

Farm resource endowment impacted organic resource flows and soil fertility gradients
through several interconnected factors: (1) distance from the field to the homestead, (2) land
ownership, (3) labor, (4) livestock and manure availability, and (5) quantity of crop biomass.
Compared to farms with limited resources (RG3), farms with more resources (RG1 and RG2) had
fields located closer to the homestead, had more secure land tenure across their farms, hired
labor, owned more livestock and larger livestock like cattle and pigs, and had higher yields and
total biomass production (Tables 2.4, 2.5, 2.7, 2.8).

The study region is densely populated and land pressure is high as evidenced by the
relatively small farms, small field sizes, farm fragmentation with extremely remote fields, and
large number of crops per field (Table 2.4). Cultivating fields distant from the homestead
increases the time, effort, and labor required to transport resources, particularly if farm fields
are also distant from each other. Yet, fields distant from homesteads and village centers may
provide access to better quality soils and larger tracts of land. The slightly positive trend of SOC

and N with increasing field distance from the homestead may be partly explained by the ability
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and willingness of farmers to access higher quality soil through renting of distant fields.
Approximately 45% of remote fields were rented. One RG2 farmer with remote fields stated
that if he experienced seasonal yield decline in one of his fields, he allowed the field to fallow
and rented from others.

In this specific study region with its fertile soils, renting fields may provide access to
more fertile soil, but renting might also entail fields more distant from the household, insecure
land tenure, and fields closer to the KNP boundary that have the added risk of crop raiding by
park animals. Historically, the land adjacent to KNP was relegated to poorer and more
marginalized farmers, but more recently it has become an appealing investment opportunity
for wealthier households and distant landowners (L'Roe and Naughton-Treves, 2017). Similar to
L'Roe and Naughton-Treves (2017), | found that poorer, RG3 households near to KNP were
entering into precarious land rental agreements. One household was farming two small fields
that the respondent identified as “free to use”, but the fields were located on a large parcel
owned by a wealthy landowner. The respondent said the fields experienced erosion but that
they did not take any preventative measures because the owner “chases [sic] away” and so
they were afraid to do anything. Another RG3 household was farming land in extremely distant
fields directly adjacent to the KNP boundary that was being offered to poorer farmers in
exchange for a part of their harvest. Temporary huts were erected on the land where people
would stay in order to protect crops from animal raiding at night. The extreme distance of these
fields from the surveyed RG3 homestead meant that crop residues were burnt to reduce time

and labor, but at a great loss of potential nutrient inputs.
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Nutrient loss was also high for RG1 and RG2 households because greater amounts of
organic materials were produced and transported within the farm and more residues were
transferred from the outfields to the banana plantations (Figures 2.3 and 2.4). Unlike RG3
farms, RG1 and RG2 farms hired labor, which reflects having more resources available to devote
to crop residue transfer, as well as transport of resources like animal manure. Hiring labor did
not deter burning as a management practice, as one RG2 farm that hired labor stated that they
still burned maize residues because they were too costly to transport, and another said that
they burned maize fields for easy preparation. Three more RG2 farms and one RG1 farm that
hired labor sometimes burned fields to control spreading grasses, e.g., couch grass. RG1 and
RG2 farms kept more livestock and therefore had more animal manure available as an input
(Table 2.5). However, as noted above, not all farms with cattle and pigs put this manure to use.
As one RG2 household head stated, she was single and did not have the time or energy to

transport and spread the pig manure.

Soil fertility and farm gradients

Farm-scale nutrient balances were negatively impacted by farmers’ preferential
allocation of resources to home banana plantations, which corresponds with previous studies
documenting farmer management in banana-based agroecosystems in Uganda (Bekunda and
Woomer, 1996; Bekunda and Manzi, 2003; Briggs and Twomlow, 2002; Esilaba et al., 2005;
Wortmann and Kaizzi, 1998). However, these estimated negative nutrient balances are not yet

reflected in SOC and N stocks. Although | did not detect reductions in SOC and N in relation to
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decreases nutrient balances, this may be due to my small sample size. Indeed, if these practices
continue, it is likely SOC and total N losses will become more pronounced and detectable.

I also did not find decreasing soil fertility (as indicated by SOC and total N) with
increasing distance from the homestead, which is likely attributable to the high inherent soil
fertility of the study region (Figure 2.7) and/or farmers seeking better soils and moving far from
their households as discussed above. Tittonell et al. (2013) observed that while farmer
management effects on soil variability were clearer in densely populated areas and in
association with slopes in undulating landscapes, farmer management did not have the same
impact in areas with inherently fertile or volcanic soils. Soil variability did not appear to be an
effect of farmer management, but rather a factor of the inherent, heterogeneous soil landscape
(Figure 2.7).

The high regional soil fertility does not equate to drastically higher yields compared to
reported yields for common crops at the district, regional, or national level (Tables 2.7 & 2.8).
The fact that yields are still low to suboptimal can be seen as indicative of one or more of the
multiple factors that restrict yields within smallholder farms in SSA, including land scarcity,
labor and time limitations, access to quality seed, rainfall timing and amount, and extension

and market information.

Organic material — is it ‘enough’?

| did not find evidence of increased SOC or total N in farm fields receiving organic
material inputs. Quantity, quality, timing and method of application, and other management

and environmental factors affect the potential impact of organic material additions.
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Composting is a recommended practice that can maximize use of organic resources and
concentrate nutrients, allowing farmers to make readily usable organic matter that will
promote SOM accrual. | was interested to see if farms produced sufficient organic material to
create nutrient-rich compost that would meet the needs of a typical maize crop. Following
published on-farm compost-making instructions for smallholder farmers, | constructed compost
piles for each farm using the same organic materials data used to create the resource flows and
nutrient balances (Bello-Bravo and Pittendrigh, 2021; CTA, 2007; Dalzell et al., 1987; Misra et
al., 2003). I made 2.5 x 2 x 1.5 m compost piles with five 30 cm layers composed of: 25 cm (336
kg) crop residues; 4 cm (56 kg) animal manure or legume plant material; 2 cm (28 kg) household
waste; and a sprinkling of soil/ash/previous compost (Bello-Bravo and Pittendrigh, 2021; CTA,
2007; Misra et al., 2003). Many compost methodologies recommend an initial foundation layer
that allows for air circulation, but | did not include it in my calculations because this layer can be
more easily improvised with various materials (e.g., woody maize stems, branches, bricks). The
weight of one newly constructed compost heap was 2100 kg. | assumed that the pile would
reduce to about one-third of its original height and ultimately yield approximately 315 kg
mature compost. | determined the amount of mature compost that could be produced in one
season if farmers fully utilized their available crop residues, household waste, and manure. |
found that on average, farms across RGs could produce approximately 630 kg of mature
compost, which would be enough to meet the recommended 400-600 kg of compost needed to
supply one handful of compost per planting hole for one hectare of maize spaced 30 cm x 75
cm (44,444 plants ha™*)(CTA, 2007). Mature compost amounts varied dramatically by resource

endowment with RG1 farms capable of producing a mean of 1103 kg per season, while RG2
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could produce 648 kg, and RG3 only 158 kg. Overall, these values look promising, particularly
when considering that farms ranged from 0.04 to 0.59 ha and mean farm size was 0.54 ha.
However, the time, labor, and logistics required to produce and apply compost would be
challenging, especially considering the distances between the homestead and fields. Farmers
would need to gather and transport the 2100 kgs of organic components needed to construct
one compost pile and then transport the mature compost to apply it. It has been estimated to
take 2-3 labor days to prepare and apply one ton of compost (Dalzell et al., 1987). Household
waste and animal manure are generated daily and would need to be stored, while large
guantities of vegetative materials like crop residues or weeds are usually produced in one short
time period. Livestock are generally not penned and collecting and transporting manure from
grazing locations could also prove challenging. Water is added during compost pile
construction, as well as throughout the maturation process, and a pile made to the current
dimensions would require an estimated 750 L water (calculated based on values given in Dalzell
et al., 1987). Mature compost would also need to be covered and stored until use. My back-of-
the-envelope calculations suggest that there is enough organic material for farmers to make
compost in an amount that could effectively boost crop yields and possibly contribute to
maintaining or increasing SOC and N. Yet, for these smallholder farmers, the realities of
collecting, transporting, and adding the compost materials, monitoring piles over time, and
then applying compost to fields might present substantial deterrents to widespread use and
adoption. Additionally, making a substantial amount of compost would necessitate removing
most residues from fields, potentially exposing soils to wind and water erosion and moisture

loss.
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Conclusion

Home banana plantations received the vast majority of organic resources and had the
highest concentration of nutrients compared to fields located further from the homestead.
Organic resource flow maps confirmed the concentration of nutrients around the homestead in
the home banana plantation. A partial N balance at the field scale was only positive for home
banana plantations and negative for all outfields, including close outfields and outfields
receiving N inputs from legume BNF. Farmer resource endowment mainly affected resource
flows as to the quantity of organic materials and N inputs, but this did not appear to result in
any differences in SOC and N. Contrary to my hypothesis, home banana plantations did not
have higher SOC and N. Current SOC and N values do not reflect management gradients, and
instead confirm the inherent heterogeneity of the soil landscape and that soil fertility varied
most among village locations. Slightly larger SOC and N values in the reverse gradient from
outfields to homefields may be explained by the ability of households to access land through
renting fields further from the homestead and village centers. In comparing my methods,
values, and results to similar studies in the literature, it became apparent that without standard
definitions or quantifications for specific resources, it is possible to construct very different
nutrient balances in the same regions with divergent and variable results. Despite these
differences, it is clear that many smallholder farms are mining soil nutrients from the majority
of their fields and not providing adequate replenishment. The fragmented nature of most
farms, with fields distant from the homestead and from each other, augments the time, labor,
and transport challenges of resource-limited smallholder farmers. When making

recommendations or promoting new technologies, extension and development agencies need
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to consider the logistical and practical challenges of working within a highly fragmented

landscape.
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Chapter 3: Double the legumes, double the carbon?

Abstract

Maize-based cropping systems predominate in east and southern Africa and integration
of grain legumes through intercropping and rotations has been advocated as a means to
increase agroecological resilience, diversify livelihoods, enhance nutrition, and improve soil
fertility. In Malawi, a recommended sustainable intensification practice for smallholder farmers
is the doubled-up legume rotation (DLR) system in which two compatible legumes are
intercropped and then rotated with a cereal. The impact of the DLR system on SOC has not yet
been determined, and little is known about the impact of diversifying with grain legumes on
SOC. | address this knowledge gap by evaluating simple to complex legume diversified systems
in comparison to continuous sole maize at three on-farm trial sites in central Malawi. |
measured SOC in bulk soils and aggregate fractions and in faster cycling C pools that respond
more rapidly to management practices, including water extractable organic carbon (WEQC),
particulate organic matter carbon (POM-C), potentially mineralizable SOC, and macroaggregate
SOC. Cropping treatment differences were not seen in bulk SOC or total N after six years of trial
establishment, but they were apparent in SOC pools with a shorter turnover time. Intercropped
pigeonpea and groundnut in the DLR system accumulated more SOC than sole pigeonpea or
sole groundnut in rotation with maize. This study demonstrates that readily decomposable and
biologically active SOC pools like WEOC, POM, soil respiration C, and aggregate-associated SOC

and can be early indicators of SOC dynamics and the effects of crop rotation and diversification.
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Introduction

Loss of soil organic carbon (SOC) and low soil fertility limit crop productivity and
threaten food security in sub-Saharan Africa (SSA) (Tamene et al., 2019). An indicator of soil
health, SOC is integral to the soil biological, chemical, and physical properties and processes
that sustain productive agricultural soils (Johnston et al., 2009; Lal, 2010). SOC is the primary
constituent and a relatively easily measured component of soil organic matter (SOM), which is
critical for soil nutrient and water holding capacity, soil structure, and microbial diversity,
abundance, and species composition (Powlson et al., 2011). Increasing agroecosystem plant
diversity can increase both aboveground and belowground net primary productivity (NPP) and
belowground plant C inputs, potentially creating a feedback loop of increased plant biomass
and organic inputs into the soil and more efficient microbial nutrient cycling (Bartelt-Ryser et
al., 2005; Jing et al., 2017; Jobbagy and Jackson, 2000; Kremen and Miles, 2012; Lange et al.,
2015). Belowground root inputs can add more C than shoots and are thought to play a crucial
role in SOC stabilization due to their close associations with microbes and mineral surfaces and
their contributions to aggregate formation (Jastrow, 1996; Kong and Six, 2010; Puget and
Drinkwater, 2001; Schmidt et al., 2011). Crop rotations can boost belowground C inputs and
microbial contributions to soil C stocks through biotic and physical changes stimulated by the
addition of diverse plant residues, root morphologies, root biomass, rhizodeposition, and root
exudates (Tiemann et al., 2015; Soares & Rousk, 2019; Kong and Six, 2010; Rasse et al., 2005;
Schmidt et al., 2011). A meta-analysis by McDaniel et al. (2014) demonstrates the positive

impacts of increasing crop diversity on soil C stocks across a wide range of systems, but also
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highlights the much greater impacts of increased crop diversity when a legume is included in
the system.

In sub-Saharan Africa (SSA), SOC loss within smallholder agroecosystems has been
largely attributed to the practice of continuous monocropping, particularly of maize, the staple
food crop (Beedy et al., 2010). Integration of grain legumes into maize-based cropping systems
has been advocated as a means to enhance nutrition and farmer livelihoods through
production of nutritious grains and fodder, as well as means to diversify systems with the goal
of improving soil fertility and agroecological resilience through increased C and N inputs (Smith
et al., 2016; Snapp et al., 1998; Thierfelder et al., 2012). Grain legumes in rotation with cereals
have well documented positive effects on yields in SSA, which have been attributed to the extra
N availability generated through legumes’ capacity for biological nitrogen fixation (BNF) and of
the resulting N-rich, low C:N residues, as well as other rotation effects such as the breakup of
pest and disease cycles (Franke et al., 2018; Giller, 2001; Peoples et al., 1995). Grain legumes’
impacts on SOC are less well-established compared to impacts on N supply as detectable
changes in SOC accrual require longer-term experiments, which in SSA are scarce (Franke et al.,
2018).

Multi-year studies in SSA that quantified SOC and N in grain legume-cereal crop
rotations compared to continuous cereal have mixed results (Anyanzwa et al., 2010; Bado et al.,
2006; Yusuf et al., 2009). Over the course of three seasons in western Kenya, Anyanzwa et al.,
(2010) observed higher SOC and N with application of 2 t ha'! maize stover compared to a no-
residue treatment under three cropping systems — continuous maize, maize/soybean intercrop,

and maize-soybean rotation; however, no significant differences were observed in the legume
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cropping systems versus continuous maize. A 5-year study in Niger showed that fallow-millet,
groundnut-millet, and cowpea-millet rotations yielded more than continuous millet and
continuous single legumes, but rotations did not differ from continuous monocultures in
maintaining SOC. In fact, organic matter declined under continuous millet and the legume-
millet rotations in which, notably, the crop residues were removed each year in accordance
with local practices, on the other hand, SOC was maintained in the fallow-millet rotation, in
which residues were incorporated (Bationo and Ntare, 2000). Two-year maize-cowpea and
maize-soybean rotations in the Nigerian savannah had higher water soluble SOC, total N, and
soil microbial biomass C and N, and narrower C:N ratios compared to continuous maize,
although total SOC was not different (Yusuf et al., 2009). A similar 2-year study in the Nigerian
savannah compared maize-cowpea, maize-soybean rotations, and an herbaceous legume-maize
rotation, to a natural fallow-maize rotation and found: highest soil microbial biomass C in the
legume rotations but no difference in microbial biomass N relative to fallow; highest total SOC
and N in the soybean rotation, and lowest SOC in the cowpea rotation (Adeboye et al., 2006).
Interestingly, the highest water soluble SOC was found in the fallow relative to the legume
rotations (Adeboye et al., 2006). A 7-year study conducted at two sites in the Nigerian savannah
compared 2-year natural fallow-maize rotations to maize rotations with different legume types
— green manure, forage, dual purpose (long-duration soybean) and grain (sequentially cropped
short-duration cowpea and soybean) — and saw high variability in SOC and N within rotations
with no clear differences between systems.

Grain legume and cereal characteristics, e.g., harvest index, maturation time, seasonal

leaf fall, and N-partitioning, in combination with management practices, e.g., timing of planting
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and harvesting, harvesting methods, and residue retention, can strongly influence C and N
inputs to soil and subsequent changes in SOC and N. The mixed results chronicled in these
studies reflect the variability of different grain legumes and cereals, the corresponding climatic
and edaphic environments, as well as differences in crop system management, length/duration
of experiment, and in sampling and measurement methods.

Although few studies in SSA have demonstrated positive impacts of legume-cereal
rotations on SOC stocks, this may be due in part to historical soil knowledge frameworks, which
have shifted over the past couple of decades. Recent research has shifted the historical
framework from a concept of intrinsically recalcitrant plant inputs leading to SOC accrual,
towards SOC stabilization as the result of physiochemical protection from microbial
degradation (Kleber, 2010; Kleber and Johnson, 2010; Schmidt et al., 2011; Dungait et al., 2012;
Marin-Spiotta et al., 2014). That is, SOC can be best understood as existing along a spectrum
extending from most bioaccessible, i.e., easily accessed and/or labile, to least bioaccessible,
e.g., highly protected from microbial decomposition (Wieder et al., 2013). The more accessible
soil C pools are often responsive to management, particularly on short time scales, compared to
total SOC. For example, Yusuf et al. (2009) and Adeboye et al., (2006), observed management-
induced differences in water soluble C and microbial biomass C. Because changes in total SOC
stocks may take decades to detect and with a dearth of long-term studies of SOC under
different management practices in SSA, we should turn to assessing these more dynamic and
quickly changing functional SOC pools as indicators of longer-term change.

SOC will also impact total soil N and plant N availability as the two are closely linked.

With higher overall N availability, microbes become more efficient in the use of C leading to
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greater potential for SOC accrual and greater plant N availability. While N deficiency can lead to
microbial mining of soil organic matter (SOM) for N with resulting losses of C via mineralization
and lower N availability due to microbial immobilization (Buchkowski et al., 2015; Chen et al.,
2014; Kallenbach and Grandy, 2011; Murphy et al., 2015). With N inputs, through either N-
fertilizer or BNF, the C:N ratio of residues available for microbial decomposition can shift. These
shifts can then serve as an indicator for potential microbial activity and SOC stabilization and
accrual, with N inputs leading to narrower C:N ratios, higher C use efficiency and greater
potential for SOC accrual.

To better assess the impacts of crop diversification on SOC, | measured SOC along the
spectrum of bioaccessibility. This includes measuring biologically active and rapid-cycling SOC
pools, such as water extractable organic carbon (WEQOC), particulate organic matter (POM), and
short-term soil respiration C (CO,-C). | will also focus on more protected and longer-lived SOC
pools within different aggregate size fractions. Water extractable organic carbon (WEOC) is an
indicator for dissolved organic carbon (DOC) or the portion of SOC that is readily soluble and
transferred to the aqueous phase (Kaiser et al., 2015). DOC is considered the most labile,
mobile, and bioavailable C pool, often regarded as the primary C source for decomposers
(Marschner and Kalbitz, 2003; von Litzow et al., 2007). DOC also plays an important role in
slower cycling SOC pools as it interacts with mineral surfaces and organo-mineral complexes
(Sokol et al., 2019). POM consists largely of plant-derived material that can be biochemically
accessible, but physically protected in aggregates, and therefore persists in soils, although it is
vulnerable to disturbance (Angst et al., 2017; Cotrufo et al., 2019). Measuring soil respiration

rates in-situ or in laboratory incubations offers insight into both the amount and the availability
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or accessibility of SOC (Franzluebbers et al., 2000; Haney et al., 2008). Total C respired after dry
soils are re-wet and from short-term soil incubations in the lab, are functionally relevant SOC
pools that are highly sensitive to management and are indicative of nutrient dynamics as well
as the potential for SOC accrual (Culman et al., 2013; Franzluebbers et al., 2000; Haney et al.,
2008; Schmidt et al., 2011; Wander 2004;). The total C respired in these cases can include SOC
from all other measured C pools but is primarily composed of easily accessible C such as WEOC
and POM.

Soil aggregation protects SOC from biological and physical degradation and aggregate
fractionation separates SOC into pools associated with distinct aggregate sizes and protection
mechanisms (Six et al., 2002, 2000b, 2000a; von Liitzow et al., 2007). Macroaggregates (>250
um), or large-sized aggregates, are generally associated with SOC that is more recent and
readily decomposable, while SOC associated with microaggregates (250-53 um) is considered
more persistent as it is generally less accessible to microbes, more microbially processed,
and/or bound to mineral surfaces (Elliott, 1986; Jastrow et al., 2007; Liitzow et al., 2006; Tisdall
and Oades, 1982). SOC in macroaggregates is generally more transient and susceptible to
mineralization as aggregates are disrupted through cultivation, while micro-aggregates have
been shown to harbor SOC that can persist for centuries (von Litzow et al., 2007). .

In Malawi, a recommended sustainable intensification practice for smallholder farmers
is the doubled-up legume rotation (DLR) system in which two compatible legumes are
intercropped and then rotated with a cereal (Chikowo et al., 2015; Kuyah et al., 2021; Smith et
al., 2016). Pigeonpea and groundnut are two widely grown grain legumes with complementary

growth habits and plant architectures that have been shown to result in minimal intraspecific
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competition for light, water, and nutrients (Chikowo et al., 2020). Slower growing pigeonpea
has a vigorous and extensive root system with multiple branches that can extend to depths of
1-2 m and can even break plough pans (Nene et al., 1990). Groundnut has shallower rooting
depth and reaches maturity before pigeonpea. Intercropping pigeonpea and groundnut
augments both aboveground inputs to soil with the addition of N-rich leaves and residues, and
belowground inputs as root density, root inputs, and rhizosphere interactions increase, both
temporally and spatially (Chikowo et al., 2020). Importantly, compared to sole fertilized maize,
the doubled-up pigeonpea and groundnut system has been shown to increase subsequent
maize yields and yield stability across a range of environments in central Malawi (Chikowo et
al., 2020; Chimonyo et al., 2019).

The impact of the DLR system on SOC pools has not yet been determined, and little is
known about the impact of diversifying with grain legumes on SOC. Initial on-farm studies of
DLR showed no effect on SOC pools; however, the short-term nature of the studies and
heterogeneity of soils on smallholder fields may well explain this (Snapp et al., 2010). | address
this knowledge gap by evaluating simple to complex legume diversified systems in comparison
to continuous sole maize at three on-farm trial sites in central Malawi. | measured SOC in bulk
soils and aggregate fractions and in faster cycling C pools that respond more rapidly to
management practices. | hypothesized that increasing diversity from continuous maize to single
legume-maize rotations to a doubled-up legume rotation (DLR) would correspond to SOC and N
accumulation and stabilization and lower soil C:N ratios. Further, the extensive vegetation and
root system of pigeonpea relative to groundnut | hypothesized would support greater SOC

accrual, comparing the pigeonpea-maize rotation to the groundnut-maize rotation. |

119



hypothesized that there would be positive impacts on soil aggregation with greater
macroaggregates and microaggregates in the legume-maize rotations compared to continuous
maize. | expected to see strong variation in SOC accumulation and stabilization across sites with
differing agroecologies. Finally, after this 6-y experiment, | expected to see significant changes
in total N and in relatively fast turn-over and dynamic SOC pools, but not in bulk SOC or SOC

associated with microaggregates.

Methods

Study sites

In November of 2012, the Africa RISING (Research in Sustainable Intensification for the
Next Generation) project established ‘best bet’ legume variety and mixtures at replicated, on-
farm sites as part of participatory action research (Mungai et al., 2016; S. S. Snapp et al., 2018).
| focus on soils sampled from trial sites based within three administrative units, or extension
planning areas (EPAs), in Central Malawi: (1) Linthipe in Dedza district and (2) Kandeu and (3)
Nsipe, which are both in Ntcheu district (Figure 3.1). The EPAs encompass a range of
agricultural production potential as follows: Linthipe is a high elevation site with generally well-
distributed rainfall and high agricultural potential, while Kandeu and Nsipe are mid-elevation
with intermediate rainfall distribution and medium potential (Table 3.1; Mungai et al., 2016;
Smith et al., 2016; Snapp et al., 2018). All three sites are sub-humid tropical. Malawi has a
unimodal rainfall regime with a rainy season extending from November to April and a dry
season from May to October (Table 3.1; Jury and Mwafulirwa, 2002). In central Malawi, annual

precipitation ranges from 800 to 1100 mm and exhibits strong inter-annual variability in both
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distribution and quantity (Mungai et al., 2016; Snapp et al., 2018). Soils vary by study site.
Linthipe is largely dominated by ferric luvisols, and Kandeu and Nsipe have a mix of chromic
luvisols and orthic ferralsols (Lowole, 1984).

At each site, three replicate plots per treatment were arranged in a nonrandomized
block design. | monitored soil as described below and analyzed samples from four of the
treatments (Table 3.2): (1) groundnut-maize rotation (Gnut), (2) “doubled-up legume” rotation
(DLR) consisting of a pigeonpea-groundnut intercrop rotated with maize, (3) pigeonpea-maize
rotation (PP) and (4) a continuous maize (Maize). All treatments were fertilized according to the
government recommended rate of full 69 kg N ha* and 9.2 kg P ha' applied to continuous
maize, or a half rate applied to maize grown in rotation or as an intercrop with a legume
(Malawi Guide to Agriculture, 2012; Table 3.2). Each crop was grown according to its respective
recommended planting density, in-row spacing, and planting arrangement with 0.75 m
between planting ridges and all ridging done by hand-hoe (Snapp et al., 2018). Plots were 5 x 5

m at the site in Linthipe, 6 x 5 m in Kandeu, and 8 x 5 m in Nsipe.
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MALAWI

Figure 3.1. Locations of Linthipe, Kandeu, and Nsipe Africa RISING trial sites in central Malawi.
Map courtesy of Brad Peter.

Table 3.1. Characteristics of the three Africa RISING trial sites in Central Malawi.

Linthipe Kandeu Nsipe
Latitude/Longitude -14.20°S/34.11°E  -14.63°S/34.60°E  -14.93°S/34.75°E
Elevation (masl) 1221 921 864
Mean annual rainfall 2012-2018 (mm)1 979 969 992
Total rainfall 1/1/2018-June 2018 sampling date’ 656.8 552.6 562.1

! Climate Hazards InfraRed Precipitation with Station (CHIRPS) (Funk et al., 2015) data attained via Google Earth
Engine (Gorelick et al., 2018)
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Table 3.2. Cropping systems examined in this study with abbreviations and description of
management practices.

Cropping treatment Fertilizer Planting density Plant spacing
(kg ha™) (plants ha™)
Maize Sole maize, fully fertilized 69 N,9.2P 53,000 25 cm within row
Gnut  Groundnut-maize rotation Gnut=17.3N,2.3P Gnut= 88,889 Gnut = 10-15 cm within row,
Maize=34.5N,4.6 P Maize= 53,000 2 rows Gnut per ridge
PP Pigeonpea-maize rotation PP=17.3N,23P PP= 44,000 PP =90 cm within row & 3
Maize=34.5N,4.6 P Maize= 53,000 plants per station
DLR Doubled up legume rotation PP/Gnut=17.3N,2.3P PP=44,000 PP =90 cm within row & 3
(Pigeonpea/groundnut intercrop Maize=34.5N, 4.6 P Gnut= 79,000 plants per station
rotated with maize) Maize= 53,000 Gnut =9 cm within row

In-situ soil respiration and water infiltration

| measured in-situ soil respiration immediately before and approximately two hours
after adding 2 L water to a 23.7 cm diameter ring set at least 3 cm into planting ridge soils. |
took three respiration measurements per replicate using a portable CO; gas analyzer (PP
Systems EGM-5, Amesbury, MA). Concurrently, | measured water infiltration as the time taken
for the water added to the ring to percolate into the soil with no surficial water remaining

(Franzluebbers, 2002).

Soil sampling and handling

| sampled at the conclusion of the sixth growing season after all rotations had been
planted to maize; each rotation treatment had completed three full rotations (June 2018). |
collected three soil cores to 10 cm depth using a 6.35 cm diameter PVC corer within each of the
three replicate plots for the four different cropping treatments for a total of 108 samples. Cores
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were sealed in plastic bags with a cushion of air to minimize compression and disruption of
aggregates. Field moist samples were transported to a soils lab at University of Malawi’s
Chancellor College in Zomba, where each core was weighed, analyzed for gravimetric soil
moisture, and separated into aggregate size fractions. Bulk density was measured using the
core method (Grossman and Reinsch, 2002). The three replicate soil cores from each plot were
analyzed individually and not combined for analyses. Field moist cores were gently broken by
hand to obtain aggregates smaller than 8 mm diameter. Gravimetric soil moisture was
determined by weighing 5 g subsamples into tins, drying the samples for 24 hours at 105°C in a
drying oven, then reweighing the dried samples. Upon determining that soils were at maximum
friability for dry sieving (Kristiansen et al., 2006), a 200 g subsample was passed through a
series of three sieves using a portable sieve shaker (Gilson Wet/Dry Sieve Vibrator SS-23, Lewis
Center, Ohio) and separated into four fractions: >2000 um (large macroaggregates), 2000-250
um (small macroaggregates), 250-53 um (microaggregates), and <53 um (silt and clay). | ran the
sieve shaker for 2 min with the full stack of sieves then removed the 2 mm sieve, ran it for 1.5
min and then removed the 250 um sieve, and finally ran it for 3 min with the remaining 53 um
sieve. Aggregates and remaining whole, i.e., bulk, soils were subsequently air-dried, packed into
coolers and shipped to Michigan State University in East Lansing, M, for further analysis. Prior

to analysis, whole soils were passed through a 2000 um sieve.

Organic carbon and total nitrogen

Soil organic C and total N were determined for bulk soil samples, macroaggregates

(2000-250 um), and microaggregates (250-53 um). Approximately 5 g subsamples were
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weighed into scintillation vials, oven dried at 105°C, and ground to a fine powder on a roller
mill. Samples weighing 15-20 mg were packed into tins and analyzed via elemental analyzer
(Costech ECS 4010, Costech Analytical Technologies, Valencia, CA). Using bulk density

measurements, mean SOC and N stocks were calculated on an area basis to 10 cm depth.

Water-extractable organic carbon

To measure water extractable organic carbon (WEQOC), | weighed 4 g of air-dried bulk
soils into 50 ml centrifuge tubes and added 40 ml of deionized water. Tubes were capped and
shaken for 10 minutes on a reciprocal shaker, after which they were centrifuged for 5 minutes,
and the resulting supernatant was filtered through Whatman 2V filter paper (Bustamante and
Hartz, 2016). Triplicate 10 ml samples were analyzed with a TOC analyzer (vario TOC cube,

Elementar, Ronkonkoma, NY).

Particulate organic matter

Particulate organic matter (POM) was determined by dispersing 10 g of air-dried bulk
soil with 30 mL of 5% sodium hexametaphosphate and shaking for 18 hours on a reciprocal
shaker at 180 rpm. The material remaining on the 53 um sieve was classified as POM and sand
and was dried at 105°C, ground to a fine powder with a ball mill, and analyzed for organic C and
total N concentration by dry combustion in an elemental analyzer (Costech ECS 4010, Costech

Analytical Technologies, Valencia, CA).
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Laboratory incubation

In preparation for the incubation, water holding capacity (WHC) was determined on a
subset of four bulk soils per site, with 5% 0.1 g of soil placed into a funnel lined with Whatman
#1 filter paper. The weight of the funnel and its contents was recorded, and soils were
subsequently fully soaked with water. The funnels were wrapped with plastic wrap and left to
drain for 24 hours, after which the weight was again recorded. To obtain the WHC, the initial
dry weight was subtracted from the final wet weight of the funnel and soil. An average WHC
was calculated for each site and from this the amount of water needed to bring soils to 65%
WHC. For the incubation experiment, 5£ 0.1 g of soil was added to 250 ml jars, soils were
brought to 65% WHC, and jars were capped with rubber stoppers. To measure CO; respiration,
jars were uncapped, flushed with lab air, recapped and a 5 mL gas sample was removed from
the headspace using a syringe and injected into an infrared gas analyzer (Li-Cor Inc., Lincoln,
NE). After allowing the capped soils to sit and accumulate CO;in the headspace, a second
sample was collected and analyzed. Soils were sampled on days 1, 2, 3, 6, and 12 with a
corresponding increase in time between the first and second gas samples, respectively, 3, 5, 8,
24, and 48 hours. The difference between the two sampling points was calculated as respiration
potential over time (Robertson et al., 1999). | determined cumulative CO,-C by integrating the

respiration rates for the total incubation time period.

Statistical Analysis

To compare treatment differences across all three sites and account for the

nonrandomized design, | first transformed all variables using a normal quantile transformation,

126



also known as a normal scores transformation (SAS PROC RANK with Blom option for the
normal scores, SAS Institute, Cary, NC) (Conover, 2012; Conover and Iman, 1981; Montgomery,
2005). Transformed variables were analyzed by additive two-way ANOVA with treatment and
site as the main effects (SAS PROC MIXED); interaction effects were not significant. Post-hoc
testing of differences between means used the pdiff option of the LSMEANS statement in PROC
MIXED, and | used the PDMIX800 macro (Saxton 1998) to assign letters for mean separation.
For each transformed variable, | checked normality of the residuals and homogeneity of
variance.

| determined the sand content of each aggregate fraction by dispersing 4 g subsamples
in 0.5% sodium hexametaphosphate solution, shaking on a reciprocal shaker for 18 hours, and
washing samples through a 53 um sieve with deionized water (Elliott et al., 1991; Grandy and
Robertson, 2007). The particles remaining on the 53 um sieve were washed into pre-weighed
tins and dried at 60°C for 48 hours. | used the following equations to sand-correct the aggregate
distribution:

(Weightaggregate size fraction~ Weightaggregate—sized sand) %100

2(All fractions)sand-corrected weights

Sand — corrected aggregation (%) =

(1)
and to calculate the sand-free aggregate-associated C and N (Denef and Six, 2005):

(Cor N)fraction (2)
1—(sand proportion)fraction

Sandfree (C or N)fraction =
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Results

Aggregation and soil physical properties

At all sites, ~40% of soil aggregates were in the 2000-250 um size fraction (Figure 3. 2).
The next highest distribution (~¥30%) was the 250-53 um aggregate fraction, and the >2000 and
<53 size classes had low aggregate mass. Only the <53 um fraction exhibited a response to
cropping treatment, where these silt and clay sized particles varied as follows
PP>DLR>Maize>Gnut (Figure 3. 2). Linthipe and Nsipe soils had a greater proportion of >2000
um aggregates than Kandeu, though Kandeu had more 250-53 um and <53 pum aggregates. The
proportion of small macroaggregates were similar at each site.

| saw no influence of cropping treatment on the rate of water infiltration. Kandeu had
higher infiltration rates than Linthipe, which was greater than Nsipe (Table 3.3).

| did not find cropping system effects on bulk density or aggregate MWD, but both were

greater in Nsipe and Linthipe soils than in Kandeu (Table 3.3).
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Figure 3.2. Cropping treatment effects on the proportion of dry-sieved soil in different
aggregate size classes. Treatments with different lowercase letters are significantly different. P-
values represent effects on the proportion of aggregates in each fraction. Treatment effects for
continuous maize (Maize), Groundnut-maize rotation (Gnut), pigeonpea-maize rotation (PP)
and doubled-up legume rotation (DLR) and site effects for Kandeu (K), Linthipe (L), and Nsipe
(N) were assessed using post hoc testing of differences between least-squares means. Bars
represent means and error bars +1 SE.
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Table 3.3. Cropping treatment and site effects on soil C and N and differences in soil properties
at Africa RISING trial sites in 2018. Means with SE in parentheses.

Site Treatment SOC Total N CIN ratio SOC stock Total N stock Bulk Density MWD Infiltration Sand
(%) (%) gCm? gNm? gcm® mm cmh? %

Linthipe Maize 1.36 (0.09) 0.09 (0.01) 15.4 (0.16) 1056 (54.18) 68.7 (3.11) 1.32 (0.04) 1.46 (0.06)  42.4(3.07) 54.8 (0.83)
Gnut 1.41(0.09) 0.09(0.01) 155(0.19) 1036 (58.15) 66.5(3.42) 1.35(0.01) 1.66(0.13) 35.1(4.12) 54.0 (2.71)
PP 1.46 (0.06)  0.09 (0.01)  15.7 (0.40) 1045 (42.15) 66.7 (4.22)  1.39(0.02) 1.38(0.10) 457 (4.51)  62.5 (0.95)
DLR 1.46 (0.21)  0.09(0.01) 15.6(0.05) 1096 (186.4) 70.8(11.7)  1.37(0.05) 1.47(0.02) 39.2(5.76) 61.4(0.18)

Kandeu Maize 1.06 (0.19) 0.08 (0.01) 13.3 (0.15) 850.9 (205.4) 63.9 (15.1) 1.31 (0.06) 1.28 (0.09) 61.4 (9.13) 76.8 (2.15)
Gnut 1.29 (0.11) 0.10 (0.01) 13.2 (0.03) 1075 (28.87) 81.7 (2.31) 1.25 (0.01) 1.31 (0.06) 61.7 (3.30) 76.7 (1.56)
PP 1.20 (0.11) 0.09 (0.01) 13.3 (0.53) 929.3 (115.5) 70.6 (11.0) 1.32 (0.04) 1.27 (0.05) 58.5 (7.34) 77.4 (1.31)
DLR 1.27(0.10) 0.10(0.01) 12.8(0.35) 1036 (53.95) 82.1(5.71) 1.22(0.02) 1.15(0.07) 57.0(6.47) 75.6 (3.44)

Nsipe Maize 0.69 (0.05)  0.06 (0.00) 13.2(0.37) 503.7(32.99) 39.2(2.83)  1.36(0.03) 1.42(0.05) 29.4(1.65)  60.6 (0.75)
Gnut 0.78 (0.04)  0.06 (0.01)  14.1(0.93) 569.6 (37.05) 41.0(3.54)  1.38(0.03) 1.57(0.13) 30.7(2.86)  59.8 (1.19)
PP 0.73 (0.04) 0.06 (0.01) 12.9 (1.33) 467.5 (51.10) 35.8(2.29) 1.43 (0.02) 1.55 (0.14) 27.5(0.84) 59.6 (3.70)
DLR 0.83 (0.07) 0.07 (0.00) 11.9 (0.76) 584.5 (21.56) 49.30 (1.71) 1.46 (0.02) 1.64 (0.10) 28.1 (2.05) 60.8 (1.53)

Two-way Additive Anova

Treatment P value 0.5287 0.2550 0.3900 0.5636 0.0913 0.2575 0.3609 0.4828 0.1957

Site P value <.0001*** <.0001*** <.0001*** <.00071*+* <.00071*+* <.0001*+* 0.0002*** <.0001*** <.0001***

Site differences L>K>N K=L>N L>K=N K=L>N K=L>N L=N>K L=N>K K>L>N K>L=N

*Significant at P <0.05
**Significant at P<0.01
**Significant at P <0.001

Total SOC and N

| did not see a treatment influence on bulk SOC, total N, SOC stocks, or soil C:N ratios,
but there were significant differences by site and total soil N was marginally significant by
treatment (P<0.1) (Table 3.3). Bulk SOC was highest in Linthipe, followed by Kandeu, and lowest
in Nsipe. Kandeu and Linthipe were higher in total N, SOC stocks, and total N stocks than Nsipe.

Linthipe had the widest C:N ratio, while Kandeu and Nsipe had narrower C:N values (Table 3.3).

WEOC

WEOC was significantly higher in DLR compared to all other treatments (Figure 3. 3,
Table 3.4), and significantly greater at Linthipe than Kandeu and Nsipe. Rotations containing
pigeonpea were higher in WEOC compared to the rotations without pigeonpea, i.e., DLR and

continuous maize (Table 3.4.) Relative to bulk SOC, | saw no treatment differences in WEOC,
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and Nsipe had significantly more WEOC than Linthipe, which had more than Kandeu. WEOC was

approximately 0.83 to 0.97% of bulk SOC.
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Figure 3.3. Cropping system effects on water extractable organic carbon (WEOC) on a whole
soil basis (A) and relative to the bulk SOC (B). Treatments with different lowercase letters are
significantly different. Site effects for Kandeu (K), Linthipe (L), and Nsipe (N) were assessed
using post hoc testing of differences among least-squares means. Bars represent means and
error bars +1 SE.

POM-C

POM-C was higher in the DLR and the single-legume rotations compared to maize
(Figure 3. 4A, Table 3.4), but differences were not apparent for POM-C relative to bulk SOC
(Figure 3.4B). POM-C comprised approximately 25-29% of total SOC. Linthipe and Kandeu had
significantly more POM-C relative to bulk soil than Nsipe, but relative to bulk SOC, Kandeu soils

had significantly more than Linthipe and Nsipe.
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Figure 3.4. Cropping system effects on POM-C concentrations in bulk soil (A) and relative to
bulk SOC (B). Treatments with different lowercase letters are significantly different. Site effects
for Kandeu (K), Linthipe (L), and Nsipe (N) were assessed using post hoc testing of differences
among least-squares means. Bars represent means and error bars +1 SE.

In-situ respiration and infiltration

In-situ respiration rates were not significantly different among treatments (Figure 3. 5A).
The percent change from respiration rate prior to water addition to post water addition was
also not significantly different by treatment (Figure 3. 5B). However, rates were significantly
different among trial sites. Nsipe had the highest in-situ respiration rates and the greatest
changes in respiration rate after water addition, Linthipe followed, and lastly Kandeu exhibited
the lowest respiration rates and differences in the rate of CO; respired pre- and post-water

addition.
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Figure 3.5. Treatment effects on the in-situ respiration rate after water addition (A) and the
percent change in respiration rate following water addition (B). Treatments with different
lowercase letters are significantly different. Site effects for Kandeu (K), Linthipe (L), and Nsipe
(N) were assessed using post hoc testing of differences among least-squares means. Bars
represent means and error bars +1 SE.

Potential mineralizable C — laboratory incubation

| observed significant effects of treatment on total C respired during a 12-day incubation
with highest total C respired in DLR soils, followed by PP, Gnut, and lowest in maize soils (Figure
3. 6A, Table 3.4). Kandeu and Linthipe had significantly greater total C respired compared to
Nsipe. In contrast, total C respired relative to bulk SOC exhibited no significant treatment
differences, and Nsipe and Kandeu soils respired greater total C per bulk SOC than Linthipe soils

(Figure 3. 6B).
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Figure 3.6. Cropping treatment effects on the cumulative CO,-C respired over 12-day
incubations on a bulk soil basis (A) and relative to the bulk SOC (B). Treatments with different
lowercase letters are significantly different. Site effects for Kandeu (K), Linthipe (L), and Nsipe
(N) were assessed using post hoc testing of differences among least-squares means. Bars
represent means and error bars + 1 SE.

Aggregate Cand N

SOC within small macroaggregates (2000-250 um) and microaggregates (250-53 um)
was significantly impacted by treatment (Figure 3. 7A & D) and significantly different among
sites. For both size classes, the highest concentrations of soil C were found in the DLR and the
lowest in maize (Figure 3. 7A & D, Table 3.4). Within the small macroaggregates, total N was
significantly lower in the continuous maize treatment compared to the rotations containing
legumes (Figure 3. 7B); however, | did not find treatment effects on total N within the
microaggregates (Figure 3. 7E). Small macroaggregate and microaggregate SOC and total N
were all highest in Kandeu, next highest in Linthipe, and lowest in Nsipe. C/N values within
small macroaggregates and microaggregates showed no treatment impact, and sites followed
different patterns than the SOC and total N; Linthipe soils had the widest C/N ratios in both

fractions (Figure 3.7C & F).
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Figure 3.7. Treatment effects on total sand-free C and N concentrations and C/N ratio in the
small macroaggregates (2000-250 um) and microaggregate (250-53 um) fractions. Treatments
with different lowercase letters are significantly different. Site effects for Kandeu (K), Linthipe
(L), and Nsipe (N) were assessed using post hoc testing of differences among least-squares
means. Bars represent means and error bars +1 SE.
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Table 3.4. Planned contrasts to differentiate effects of maize vs legume rotations, DLR vs. single
legume rotations, and rotations containing pigeonpea vs. rotations without pigeonpea, on SOC
pools — WEOC, POM-C, cumulative respiration, small macroaggregate, and microaggregate C.

Cumulative
Planned Contrasts WEOC POM-C respiration 2000-250 um C  250-53 um C
g Ckg™ soil gCkg™ soil pg CO,-C gt soil gC kg' aggregate g Ckg ' aggregate
Continuous maize vs. maize-legume rotations P 0.0998 0.0286* 0.0195* 0.0069** 0.0108*
DLR vs single legume rotations (Gnutand PP) P 0.0018** 0.159 0.0442* 0.0456* 0.0621
Treatments with pigeonpea vs no-pigeonpea P 0.0129* 0.3954 0.9174 0.4514 0.7919

treatments

*Significant at P<0.05
**Significant at P<0.01

Discussion

| show that DLR and the single legume-maize rotations had positive impacts on SOC
across three agroecologies in central Malawi. Compared to continuous maize, DLR and the
single legume rotations had significantly greater SOC within labile C pools - POM, WEOC,
mineralizable SOC, and macroaggregates, as well as in the more stable microaggregates.
Supporting my hypothesis that increasing diversity and duration of legume presence would be
associated with SOC status, DLR accrued significantly more SOC than the single legume
rotations which accrued more SOC than the sole maize. This is consistent with the idea that
diversifying crop rotations with grain legumes will have the potential to enhance SOC
stabilization and is one of the first reports to show this effect on smallholder farm sites. Of the
single legume rotations, SOC in PP was generally not different than Gnut, but PP had more
microaggregate associated SOC than Gnut. Rotational diversity did not impact aggregate
distribution, but it did affect aggregate associated SOC and N. As expected, there were

differences by site in almost all variables measured.
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Bulk SOC and related soil physical characteristics

Across all sites, treatment differences were not apparent in bulk SOC and total N
concentrations or stocks or C:N ratios suggesting that changes seen in the other C pools are too
small or incremental to be captured at the larger, bulk soil scale (Table 3.3). These results are
consistent with other studies in SSA that did not detect changes when comparing bulk SOC and
total N in legume-maize rotations to continuous sole maize (Anyanzwa et al., 2010; Bationo and
Ntare, 2000; Franke et al., 2008; Yusuf et al., 2009). Substantial changes in SOC stocks are
required to impact soil physical properties like bulk density, MWD, and infiltration, and with
little change in total SOC, | also did not see impacts of legumes on these parameters (Table 3.3).
Although it has been theorized that decomposition of pigeonpea’s large coarse roots could
create deep channels that enhance rainfall infiltration (Chikowo et al., 2020), | did not see
evidence of increased water infiltration rates in PP or DLR after three rotation cycles. Overall, |
did not find changes in bulk or total pools of C and N with legumes after three rotation cycles,
but | would expect to begin to see changes in these pools over time if observed changes in

more dynamic C pools continue.

Aggregation and SOC stabilization

Aggregation did not vary by treatment for the >53 um size classes (Figure 3. 2), likely
because all treatments and sites were intensively tilled with hand hoes and ridged on an annual
basis. Tillage reduces the number and stability of soil aggregates and promotes rapid
mineralization of SOC (Six et al., 2000a). Aggregate disturbance is often greater in coarse-

textured, sandy soils (Feller and Beare, 1997). Sandier soils at Kandeu may have contributed to
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lower numbers of large macroaggregates (>2000) compared to Linthipe and Nsipe. However,
Kandeu had a larger proportion of microaggregates and <53 size fraction, which are size classes
that are less susceptible to tillage disturbance.

DLR had the highest SOC in both small macroaggregates and microaggregates, PP and
Gnut followed, and maize had the lowest SOC, demonstrating the potential for legumes to
accrue and stabilize SOC in aggregates versus fertilized maize (Figure 3. 7A & D). While all
treatments received some amount of N-fertilizer, the greatest inputs were to the maize
treatment, and N-fertilizer has been shown to increase C mineralization and macroaggregate
turnover, resulting in lower SOC (Chivenge et al., 2011). More N-fertilizer was added to the
maize, but the rotations with legumes had significantly more accumulated N in
macroaggregates, perhaps due to N-rich litter and root inputs from legumes contributing to
macroaggregate formation. Like the SOC, the N in macroaggregates is more easily mineralized,
and therefore it is not surprising that the total N within microaggregates was not higher for

legume treatments as the N was mineralized before reaching that stage of stabilization.

Active C pools

The POM fraction exhibited the same pattern of treatment differences as the
macroaggregates (DLR>PP=Gnut>Maize). POM can act as a “seed” in macroaggregate
formation, and can be indicative of macroaggregate generation and C concentration (Six et al.,
2000a). POM is understood to be largely plant-derived, thus larger amounts of POM are linked
to changes in the quantity or quality of plant matter inputs. N-rich, low C:N legume residues are

expected to decompose faster than high C:N maize residues. It is possible that the higher POM
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content in the DLR and single legume rotations is actually associated with maize residue inputs,
but with maize being only present in one year out of two, it is also equally likely that POM-C
may be associated with legumes residues.

Partially in-line with my hypotheses, | found higher WEOC to be associated with DLR but
not single legume rotations, relative to continuous maize. In contrast, another study in SSA did
find water soluble carbon, i.e., WEOC, to be higher in single legume-maize rotations compared
to continuous maize (Yusuf et al., 2009). The range of WEOC values (Figure 3. 3) are lower than
those obtained by Yusuf et al. (2009) but comparable to other values reported in the literature
(Rochette and Gregorich, 1998; Schiedung et al., 2017). WEOC concentrations can vary based
on the season, duration of extraction, soil-to-water ratio, and air-drying of soils (Chantigny,
2003; Kaiser et al., 2015; Schiedung et al., 2017). | sampled at one time point during the dry
season, after maize harvest, and values may be affected by seasonal fluctuations, soil handling,
and measurement methods.

| explored whether measuring respiration before and after wetting soils in situ could
effectively capture a CO; burst, but no treatment differences were seen (Figure 3. 5). At all
sites, the soils were extremely dry and there had been no rainfall for over one month prior to
adding the water for the burst tests at Linthipe and Nsipe, with one 5 mm rainfall event
recorded at Kandeu more than two weeks prior to sampling (Climate Hazards InfraRed
Precipitation with Station (CHIRPS) (Funk et al., 2015)). Due to logistical time and equipment
constraints, | was limited to measuring respiration two hours after water addition. There were
dramatic flushes of CO; after soil rewetting (Figure 3. 5B), but due to the short time frame, it is

unlikely that | captured a flush indicative of longer-term C mineralization (Canarini et al., 2017;
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Franzluebbers, 2002). Multiple measurements over a longer time period post-wetting could be
more effective. Nsipe, which had the lowest total SOC and lowest SOC in all other
measurements relative to the other sites, had the highest in-situ soil respiration rates and
change in soil respiration post-water addition, suggesting that at Nsipe SOC exists in fragile,
rapidly mineralized pools.

Although treatment differences were not discernable in the field-based respiration test
in the 12-day laboratory incubation, cumulative respiration was highest for DLR followed by PP,
Gnut, and maize on a bulk soil basis. These data support other analyses of bioaccessible soil C
accrual with legumes and also highlight that at least some of the SOC accumulated in the DLR
and the single legume treatments was not stabilized and easily mineralizable. However, when
guantifying cumulative respiration relative to bulk SOC as opposed to bulk soil, there were no
treatment differences, which is consistent with there being both more SOC and more stable

SOC in the DLR and legume-maize rotations than in the continuous maize.

Site Effects

As expected, the impact of cropping system treatment on SOC and N pools varied by
site. An Agricultural Production Systems Simulator (APSIM) modeling study that examined SOC
and N changes at Africa RISING trial sites in Linthipe, Kandeu, and Golomoti, predicted slightly
negative bulk SOC and N trends in DLR and a strongly negative trend in Gnut and Maize at
Linthipe, while at Kandeu it predicted a positive trend for SOC and N in the DLR and fairly
constant values in Gnut and Maize (Smith et al., 2016). | did not see treatment differences in

bulk SOC and total N concentrations or stocks across trial sites in Kandeu, Linthipe, and Nsipe,
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but | observed that Kandeu had higher SOC and N in the more rapid-cycling macroaggregate,
microaggregate, and POM-C pools (Figures 3.7, 3.4), which appears to support the APSIM
predictions. In these same pools DLR had the highest values and PP and Gnut fluctuated as
close seconds, which lends some support to Smith et al.'s (2016) observation that the addition
of pigeonpea to the cropping system model caused SOC and N to increase at Kandeu and
remain constant at Linthipe. Nsipe had the lowest bulk SOC and N values (Table 3.3), but the
highest in situ respiration rates (Figure 3.5), lab incubation cumulative respiration relative to
bulk SOC (Figure 3.6B), and WEOC relative to bulk SOC (Figure 3.3B), which suggests that the
low concentration of SOC at Nsipe was also easily mineralized and unstable. Based on soil and
environmental indicators, Mungai et al. (2016) classified the agricultural land potential at
Linthipe as highly suitable, while Kandeu and Nsipe were marginally suitable, but the current
findings and those of Smith et al. (2016) highlight the potential for Kandeu to achieve higher

SOC and N gains, relative to Linthipe and Nsipe.

Conclusion

Integration of grain legume rotations into continuous maize has the potential to
increase and stabilize SOC compared to sole maize. This is the first evidence for soil health
services being associated with doubled-up grain legume diversified maize system under
smallholder farm conditions. Intercropped pigeonpea and groundnut in the DLR system
accumulated more SOC than sole pigeonpea or sole groundnut in rotation with maize. Cropping
treatment differences were not seen in bulk SOC or total N after six years of trial establishment,

but they were apparent in SOC pools with a shorter turnover time. This study demonstrates
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that readily decomposable and biologically active SOC pools like aggregate-associated SOC,
POM, WEQC, and soil respiration can be early indicators of SOC dynamics and the effects of
crop rotation and diversification. | recommend that in addition to measuring bulk SOC and total
N, future studies examining the impacts of management practices on SOC or soil health,

measure these or other rapid-cycling, active SOC pools.
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